
DOCOSENT RESUME

ED 190 891 CE 026 576

TITLE Military Curricula for Vocational & Technical
Education. Basic Electricity and Electronics
Individualized Learning System. CANTRAC A-100-0010.
Module Fourteen: Parallel AC Resistive-Reactive
Circuits. Study Booklet.

INSTITUTION Chief of Naval Education and Training Support,
Pensacola, Fla.: Ohio state 'Univ., Columbus. National
Center for Research in Vocational Education.

EEPoRT NO NAVEDTRA-34258-14
FOB DATE tier 77
NOTE 152p.: For related documents see CE 026 560-593.

EDiS PRICE MF01/PC07 Plus Postage.
DESCRIPTORS *Electric Circuits: *Electricity: *Electronics:

Individualized Instruction: Learning Activities:
Learning Modules: Postsecondary Sducations Programed
Instruction: *Technical Education

IDENTIFIERS Alternating Current: Military Curriculum Project

ABSTRACT
This individualized learning module on parallel

alternating current resistive-reaction circuits is one in a series of
nodules for a course in basic electricity and electronics. The course
is one of a lumber of military-developed curriculum packages selected
for adaptation to vocational instructional and curriculum development

. in a civilian setting. Six lessons are included in the module: (1)

-Solving for Quantities in Resistive IndUctive Parallel Circuits, (2)

Variational Analysis of Resistive-Inductive Parallel Circuits, (3)
Parallel Resistive-Capacitive and Resistive-Capacitive-Inductive
Alternating Current Circuits, (4) Parallel ReOnance, (5) Effective
Resistance in' Parallel Resistive Inductive CirOuits, and (6) Parallel
ResonanceExperiment. Each lesson follows a typical format including
a lesson overview, a list of study resources, the lesson content, a
programmed instruction zection, and a lesson summary. (Progress
checks are provided for each lesson in a separate document, CE 026
562.) (LRA)

**********************************************************************
* Reproductions supplied by EDRS are the best that can be made * s

* from the original document.
-

**************************r..********************************************



NAVEDTRA 34258-14

CHIEF OF NAVAL EDUCATION AND TRAINING

MARCH 1977 -

BASIC ELECTRICITY AND ELECTRONICS
INDIVIDUALIZED LEARNING SYSTEM.

MODULE FOURTEEN. PARALLEL AC
RESISTIVE-REACTIVE CIRCUITS.

S DEPARTMENT OF HEALTH,
EDUCATION WELFARE
NATIONAL INSTITUTE OF

EOUCATION

THIS 00cumENT HAS BEEN NEPRO-
OUCED EXACTLY AS RECEIVED T ROM
THE PERSON OR ORGANIZATION ORIGIN.
ATING IT POINTS OF VIE w OR OPINIONS
STATET, 00 NOT NECESSAINLv REPRE-
SENT OFFICIAL NATIONAL INsT lit)te Cli
EDUCATION POSIT ION OR POLICY

THE NATIONAL CENTER

FOR RESEARCH IN VOCATIONAL
THE OHIO STATE UNIVERSITY t,-

-,/,
0. 4f jildithk



MILITARY CURRICULUM MATERIALS

The military-developed curriculum materials LI this course
package were selected by the National Center for Pesearchin
Vocational Education Military Curriculum Project for dissem-
ination to the six regional Curriculum Coordination Centers and
other instructional materials agencies. The purpose of °

disseminating these courses was to make curriculum materials
developed by the military more accessible to vocational
educators in the civilian setting.

The course materials were acquired, evaluated ty project
staff and practitioners in the field, and prepared for
dissemination. Materials which were specific to the military .

were deletedLcopyrighted materials were either omitted-or-appro-
val for their use was obtained. These course packages contain
curriculum resource materials which can be adapted to support
vocational, instruction and curriculum development. .
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Military
Curriculum Materials
Dissemination Is .

an activity to increase the accessibility of
military.developed curriculum materials to
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fo'rrn from the Coast Guard, Air Force.
Army, Marine Corps and Navy.

Access to military curriculum materials is
provided through a "Joint Memorandum'of
Undetstanding" between the U.S. Office of
Education and the Department of Defense.

The acquired materials are reviewed by staff
and subject matter specialists, and courses
deemed applicable to vocational and tech-
nical education are selected for dissemination.

The National Center for Research in
Vocational Education is the U.S. Office of
Education's designated representative to
acquire the materials and conduct the project
activities.

Project Staff:

Wesley E. Budke, Ph.D., Director
National Center Clearinghouse

'Shirley A. Chase, Ph.D.
Project Director
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for dissemination.
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materials (e.g., availability and cost). They
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The National Center
Mission Statement
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The National Center for Research in
Vocational Education's mission is to increase
the ability of diverse agencies, institutions,
and organizations to solve educational prob-
lems-relating to individual career- planning,
preparation, and progression. The National
Center fulfills its mission by:

Generating knowledge through research

Developing educational programs and
products

Evaluating individual program needs
and outcomes

Installing educational programs and
products

Operating information systems and
services
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OVERVIEW
MODULE FOURTEEN --

PARALLEL AC RESIST-WE-REACTIVE CIRCUITS

In this module you will learn about parallel RL, RC and RCL circuits

and the conditions- tnat exist at resonance.

For you to more easily learn the above, this module has been divided
. . k

into the following six lessons: .

Lesson I. Solving for Quantities in.RL Parallel Circuits .

Lesson II., Varlationai Analysis of RL parallel Circuits

Lesson Ill. Parallel RC and
.

RCL AC Circuits

Lesson IV. Parallel Resonance

Lesson V. Effective Resistance in Parallel RL Circuits

Lesson VI. Parallel Resonance Experiment

TURN TO THE FOLLOWING PAGE AND BEGIN LESSON I.

It

4

. -
,._.."

1 8

.,........-'

.

I

t

i



. f.

0 . I 4

tl

-ct

gi

.
.

/

A

4

BASIC ELECTRICITY AND ELECTRONICS

INDIVIDUALIZED LEARNING SYSTEM

MODULE FOURTEEN
L S U N0 N I
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Solving for Quantities in RC Parallel Circuits

Study Booklet



;

Overview Fourteen-I

OVERVIEW

LESSON I

Solving for Quantities in RL Parallel Circuits

. 0

p

In this lesson you will study and learn about the fallowing:

-review parallel resistive circuits

-parallel resistive-inductive circuits

-methods of solution of RL parallel circuits

BEFORE YOU START THIS LESSON, PREVIEW THE LIST OF STUDY RESOURCES .

ON THE NEXT PAGE.

i 0
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Study Resources Fourteen-I

LIST OF STUDY RESOURCES

LESSON1I

Solyin_g_for Quantities irikEiParaliel Circuits

To learn the material in this lesson, you have the option Of choosing,
0

according to your experieace and preferences, any or all of the

following:

STUDY BOOKLET:.

Lesson Narrative

Programmed Instruction

Lesson Summary

ENRICHMENT MATERIAL:

NAVPERS 93400A-lb "Basic Electricity, Alternating Current."

Fundamentals of Electronics. Bureau of Naval Personnel..

Washington, D.C.: U.S. Government Printing office,..1965

AUDIO-VISUAL:

Slide-Sound Presentation - "Solving for 1T in a Pirallel RL Circuit."

YOU MAY NOW STUDY ANY OR ALL OF THE RESOURCES LISTED ABOVE. YOU MAY

TAKE THE PROGRESS.CHECK AT ANY TIME.

t
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NARRATIVE

LESSON I

Solving for Quantities in RL Parallel Circuits

Reviewing Rules for Parallel Resistive Circuits

Several modules back, you learned to solve for quantities in
parallel circuits which were purely resistive. Now we will briefly
review the rules you used.

..11.

A R1
R
2

1SOV 30n 30a
R3

3041

Rules

1. Branch resistance controls
branch current.

2. Voltage is common across all
branches.

3. Total resistance and total
impedance must be less than
smallest branch resistance or
opposition.

4. Total current equals sum of
branch currents.

Solve for the following quantities in the above circuit:

To find 1

T'
add the branch currents. Voltage

is common; therefore, the applied voltage is

across Rll'and we can determine

150 v
1 = or 5 a. Similarly 1R2 and 1R3 1 =
RI 30

or
R2

are both 5 a. 1R3 -
5 a 4. 5 a 4. 5 a= 15 a (total current) P

t
=

P =
a

/0 .

PF =

12
6



Narrative Fourteen-I

To solve for Z
T'

you can use Ohm's Law.

E
a

Z
T I

T

150 v
Z.r = w-

1,Z
T

= 10 f2

Solving for Ert2

As voltage is common in a parallel circuit, the voltage drop across
any of the branches fe the same as the applied voltage, or 150 volts.

Solving for Pt

True power-can be determined by the Ft = I 2R formula. In this

purely resistive circuit I = 15 a, R
T

= 10 -; therefore,
P
t
= 2250 w or 2.25 kw.

Solving forPa

Apparent power in a purely resistive circuit is'equal to true power.
You can prove this by the formula Pa = E x 1; P

a
= 150 v x 15 a =

2.25 kw.

Sblving for Px

Reative power is not present in a purely resistive circuit.'

Angle Theta

In a purely resistive circuit, /0 is zero because E and 1 are in

phase.

Power Factor

You know that the power factor in a purely resistive circuit
unity, or 1.

What would happen to total curreni in the parallel
circuit we have been analyzing if frequency were
doubled?

You should know the answer is nothing. Current in parallel Circuits
is determined by branch resistance, and frequency usually does not
affect the value of carbon (except for some skin effect at extremely
high frequencies).

7
- 13
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Narrative Fourteen-I

Parallel Resistive-Inductive Circuits

When solving purely resistive parallel circuits, branch currents
are added directly because E and I are in phase. In circuits con-
taining both resistive and reactive component..., E and i are
no longer in phase. In an RL parallel circuit, for example,
I cannot be determined by directly adding branch current's because
tfle current through the resistive branch is in phase with the
applied voltage, while the current through the inductive branch
lags the applied voltage by 900.

To solve for IT in this
circuit, the sum of the branch
currents has to be determined

30a by vector addition.

Recall that in series AC circuits we had to solve for ZT and
voltage vectorially. We used the impedance triangle and the
voltage triangle. in parallel AC circuits we will use only
a current triangle. THINK CURRENT is the password for this
modu e.

This means that we will not use an impedance triangle to solve
for

T
in parallel circuits. Instead we will first find IT,

then solve for Z
T

by Ohm's Law.

In solving AC parallel circuits, a voltage triangle will never
be used because voltage is common.

Which of these quantities would you not vector for when
solving an AC parallel RL circuit?

ZT

E
a

Remember, forfor parallel circuits think current only; therefore, you
do not vector for ZT or E

a
.

14
8
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Narrative

Solving the RI Parallel Circuit

1.V.

IT

ZT =

I

R
=

I

L

P
t
=

P =
a

/6 =

PF =

Fourteen-I

We want to solve this circuit for

each quantity listed to the left.

First we must find current through each branch of the network
in order to compute the total current.

To find 1 through the resistive branch:

Ea

111 Jr-

126 v
R 41375- 3 a

IR = 3 a

Then, to find I through the inductor:
E
a=

XL

120 v h

11. 30 0 a

I

L
= 4 a

Because the 3 amps through the resistor and the 4 amps through the
inductor are not in phase, we must add them vectorially.

The Current Triangle

In parallel circuits, voltage is the common reference; therefore,
voltage appears in the standard vector position. The voltage across

9 15.

ti



\

p

Narrative Fourteen-I

1R 30 EA the resistor and the current through the
--------*---------4 resistor are in phase; therefore, 1 is

plotted in the standard vector posi 'tion.

1R 3a EA_
---4w Recall that in a purely inductive circuit,

voltage leads current by an angle of 500
(ELI). For this reason E and I are
500 out of phase, with E_ leadin§; there-

' fore, the I vector is a"-j quantity.
(Note that the -j is the result of
changing the reference.)

Vectorially adding the values of the
branch currents produces the total
circuit current. Therefore, IT is
5 a.

This information can be expressed in rectangular notation, giving
first the I through the resistor, then the I through the inductor,
thus: 3 a - .14 a.

_

In polar form, this,is expressed 5 /-53.l°. (You recall this is
a for a 3-4-5 triangle.)

Solving for ZT

Now that we have found IT, you can solve for total impedance
by Ohm's Law. (Remember: We do not vector for ZT in parallel
circuits.)

Solving for True Power

E

2 = aT 1
T

X 120 /00
LT = 37:3371. (Ea is our reference;

therefore, we assign
an angle of 00.)

2
T

. 24 Q /53.1°

/

You know that power is consumed only by iesistance. To find
the value of P

t'
use the formula, P

t
. 1 R. I in this case must

be the current through the resistive branch, not total circuit
current.

c'
10 16

=
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Pt = I2R

Pt= (3)2x 40iZ

Pt A9x 40

P
t

= 3 6°
"

Solving for Reactive Power

P
x

= 1
L

2X
L

Px a tg; 2 x 30 Mit

480vars

P
x

= 16 x 30

P
x

= 480 vars

Solving for Apparent Power

By the per formula P = Ea x IT

P= 120 v x 5 a

P
a

= 600 va

Power factor

You know that the power factor Is equal to the COS /0. For
/e of 53.1°, PF is 0.6. You can also determine this by using

Pt
the formula PF =

a

Now, remember two important rules for salving parallel circuits:

). THINK CURRENT vector for I only.

2. To find Z
T'

first find 1

T'
then apply by Ohm's Law.

Solve this circuit.

IR =

I

L
=

IT =

ZT=

n 17

3011
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State 1
T

in rectangular form:

State I

T
in polar form:

Your first step was to find IM and IL. IR = 6 a; IL = 8 a.

In rectangular form: IT = 6 a - j8 a

The current triangle:
IR 6a

IE

sa

This is a 3-4-5 triangle, so IT = 10 a

In polar form IT = 10 a /-53.1°.

I Ea

Then by Ohm's Law, ZT =

240 v /00
ZT . 24 st /53.10=

Observe that the two circuits we worked had identical ohmic values,
30 ohms and 40 ohms. Only applied voltage was changed from
120 volts to 240 volts. Changing voltage did not affect the total
Impedance. In both circuits ZT was 24 ohms. Voltage Does Not
Affect Impedance in A Circuit.

Assumed Vol taste Method

Since the applied voltage has no effect on ZT, you ml assume
voltage to solve for ZT.

The assumed voltage (any-one you pick that Is easy to work with)
will help you find the correct ZT.

Using the assumed voltage method solve for ZT.

Xt 10041 Z
T

)2 18
0101



You may have realized a workable, easy, voltage to assume is 100
volts. I

T
= 1.41 a 1-45°, and Z... = 70.7 n /45°. Whatever

voltage you used, Z.1. = 70.7 a /45°.
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Answers

I. Z
T

24 a /53.1°

2. X = 20 it

3. Z
T

= 35.35 st /45°

4. Z
T

= 72 0 /36.9°

I

T
= 5 a 1 -36.9°

I

R
= 4 a

I

L
= 3 a

P
t
= 1440 w

P
a

= 1800 va

PF = 0.80

10 = -36.9°

Fourteen-I

AT THIS POINT, YOU MAY TAKE THE PROGRESS CHECK, OR YOU MAY STUDY
ANY OF THE OTHER RESOURCES LISTED. IF YOU TAKE THE PROGRESS
CHECK AND ANSWER ALL OF THE QUESTIONS CORRECTLY, GO TO THE NEXT
LESSON. IF NOT, STUDY ANY METHOD OF INSTRUCTION YOU WISH UN-

.,
TIL YOUCAN ANSWER ALL THE QUESTIONS CORRECTLY.
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PROGRAMMED INSTRUCTION

LESSON I

Solving for Quantities in RL Parallel Circuits

THIS PROGRAMMED SEQUENCE HAS Nd TEST FRAMES.

in th:s module, we will discuss the important characteristics of
parallel resistive-reactive circuits and develop th.! rules and
graphs for finding circuit values. The basic circuit configurations
to be studied include parallel RL, RC, and Rle types. At this time,
It will be helpful to review parallel circuits containing only re-
sistive elements.

I, In a series circuit, current is common, buc in a parallel
circuit, is commo:i.

(voltage)

2. The voltage drop across resistor RI equals the voltage drop
across R2 which equals the voltage drop across R3. This may be
stated as the voltage drop across any branch in a parallel
circuit is equal to the voltage."

(source or applied

3. The current acts
floWing from the
whose values are
Given E

a
and E,

quite differently. The total current, IT,
source divides into separate branch currents
determined by the voltage and branch resistance.
we can calculate ll according to the equation

E
a

15 21
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Equations for I

2
and 1

3
are similarly written:

E

2 R2

E
a

13 R3
S

The sum of the branch currents must equal the
current.

(total]

Fourteen-I

=plywOr

5. For the circuit given h frame 1, the total cu
1

T
= I 12 4 TheThe total current can also

from known values of source voltage and total
the formula

rrent is written
be calculated

resistance by

E

(IT R-a
)

O

16

22

/
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6. The equivalent resistance of a parallel network can be cal-
culatelby the sum of the reciprocals method which Is
mathematically written as RT = . The equivalent
circuit for the parallel resistive circuit in frame 1 is:

RT 1 1

RI R2 R3

7. For review, calculate the unknown'values in the following examples.

E
a
= /0 v

RI = 5 O

R2= 10 A

a. 11=

b. 1

T
=

c. RT

(a. 20 aL_ b. 30 a; c. 3.3 AT

In summary, the rules for ourely resistive parallel circuits are:

1. Voltage is common across each branch.

2. Total current is the sum of the individual branch currents:

I

T
= I

1

+ 1
2

. . + I
n

E

3. Total circuit current 1 = (Ohm's Law).
T R

T
4. Branch currents are resolved using the equations1= :-3 1= --S

1 R
1

' 2 R
2

(where 1 is.branch 1 2, current.)

5. Total circuit resistance can be calculated from:

1

RT
+

1

+
A. 1

;RI R2 TiR

27 23

1.
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6. Phase difference between current and voltage is zero (/e = 0).

7. True power equals apparent power since the load is purely

resistive.

P
t

= (I T)2RT = Pa = Eal
T.

8. Power factor is unity: PF =

A

8. The voltage drop between point A and B is to the
drop across C and D

(equalY---

9. In the circuit in the Preceding frame, the voltage drops across
the resistor, R, and the inductor, L, are the same and are equal
to the voltage.

(source or applied)

10. From known venues of source voltage, branch resistance, any In-
ductive reactance, we can solve for the current through each
branch of the network by Law.

(Ohm's)

11. Current flowing through the resistive branch in the example
circuit, with E

a
= 100 v and R = 25 is calculated from the

equation IR = and is amps.

E
a

--J 4

9 24'
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E
a

'
12. We are able to calculi a I

R
from the equation 1

R R
= since

the voltage. drop across the resistor is equal to

(source orapplied voltage)

13. *Similarly, the voltage drop across Olt inductive branch equals
source voltage. Branch current, I., , can be calculated from
the equation IL .= ana is
amps, with £a = 100 v and XL = 20 0.

Ea

XL'
5

14.. In a parallel RL circuit, total current, IT, cannot be obtained
by directly adding 1 and IL as in a'.purely resistive circuit'
since the two currents are

0

(out of phase)

15. With the voltage across each branch common and the currents in
the resistive and inductive branches out of phase, we
'solve for total current by addition of individual

branch currents.

(vector)

16. In a parallel RL circuit, voltage is common and cabe repre-
sented by a, vector in the position.

(standard or reference)

19
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17. In the branch containing purely resistive elements, current
flowing through R and the corresponding voltage drop, ER, are
in phase. Therefore, can be plotted in the same.
.di rect ion as E

a
.

(Id

18. In the purely inductive branch of the parallel RL circuit,
the same source voltage, Ea, appears across the inductance.
The branch current, It, is out of phase with voltage. From
"ELI, the ICE man," the voltage the current by
90°.

(leads)

19. Voltage, however, is common and plotted in the standird posttion.
Voltage leading current by 90° is the same as current
voltage y 90 for a purely inductive load.

41/iir

(42921E9)

20. Current flow ina parallel AL circuit can be represented in
rectangular notation with the Laska IL current rotated
clockwise from the standard position by a operator. The

4777
rectangular-notblionfor the illustrated vector diagram is
written 4

9..,:yj In IA

- IL

(-J; 1R J

Ito
26
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21. The total current can now be calculated by vector addition of
" I

R
and 11. In the diagram, IT is the of the current

vector triangle.

410 )1

IL

(resultant)

22. From the current vector diagram, you can see that .IT is out
of phase and ,1491 the applied voltage, Ea, by the

Ve)

23. Total impedance, IT, can be calculated from known values of
applied voltage ana total current; from Ohm's Law, ZT

Ea

24. In the example parallel RL circuit, the following values were
calculated:

to

Write I

T
in rectangular form.

Write total current in polar form.

(4 a - j3 a; 5 a /-36.9 )

21 27
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29. In the preceding example, total impedance is determined from
Ea

the formula, ZT = is We cannot simply divide 120 volts by
T

-5 amps, but must also take into account the phase difference,

/6. Using polar notation, ZT =

, 1120 v /0°; the phase angle for E
a

is zero since it is
the reference value.)

120v /00
26. For example Z-

9a /-36.9°
, the total impedance is calculated

to be Z
T

=

. (24 076.97

27. The total impedance of a parallel RL circuit is always calculated
from applied voltage and total current, using Ohm's Law, and not
by vector addition of resistance and impedance. In a fixed cir-
cuit with constant values of R and X

L'
the total impedance, Z

T'
does o with changing values of E

a
or IT.

change/not change

(not change)

28. From the equation, Ea = ITZT, you can see that increasing Ea
prodyces a proportional in 1

T'
since Z

T
is constant.for a given circuit.,

(increase)

28

22
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29. In the circuit illustrated below, what happens to ZT if
E
a

is increased from 120 volts to 240 volts?

a. remains the same

b. increases

c. decreases

d. cannot be determined

30D,

(a)

30. This.fact, that
pedance, allows
Z
T

of a parallel

Assume E
a
= 120

the applied voltage does not affect circuit im-
us to assume any applied voltage to determine
circuit.

volts AC and solve for Z

'coal

(24 n /36.9°)

31. Solve the preceding circuit for ZT, using an assumed voltage
of 240 volts AC.

(24 Si /36.9°)



Fourteen-1

4

32. When using the assumed voltage method for determining ZT, the
values of current are not true values.

Solve for 1

T.

.

a. 1 amp

b. greater than 1 amp

c. cannot be determined

moil

33. Recall that true power, Pt, is that power dissipated by the
resistance as heat. In terms of and R, P

t
= .

For 1R expressed in amperes and R in ohms, P
t

is expresse7r
in

(Id2R; watts)

34. True power may also be determined from the branch current and
the voltage drop across the resistance using the equation
P
t
=

(E
a

x IR)
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35. Solve for true power using both equations and compare, answers.
Pt = watts.

4011

(480)

36. Recall also, that reactive
components and returned to
P = . For
P
x

is expressed in

power is that
the source.
I

L
expressed

power stored by reactive
In terms of I and X
in amperes anb X

L
in ohms,

=11I..

- (I
L
)
2
X vars

37. Reactive power may also be determ:ned from the branch current and
the voltage drop across the resistance using the equation Px =

Ea x It

38. Using the circuit illustrated in frame 35, solve for reactive
power. P

x
= vars.

(360)
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39. Apparent power, Pa, is a combination of the power dissipated by
the resistive components and the. power stored by the reactive
components.

In terms a E
a

and I

T'
P
a

=

(Ea' IT}

40. when E
a

is in volts and I

T
in amperes, apparent power is expressed

n

Solve for P
a

.

Mi

(volt--amperes; 600 va)

41. The power factor for any circuit is defined as the ratio of true
power to power. It may also be expressed as the

of the /0.

a arent; cosine

4

26
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,2. Solve this parallel RL circuit for the indicated values.

a. IA =

b. I

L
=

c. 1

T
=

d. Z
T

=

xi, 25n e. /0 =

f. P
t
=

g. Px =

h. P =
a

I. PF =

State total current in rectangular form.

State total current in polar form.

b. 4a; c. 5.7a /- 5 °; d. 17.5 2 5

f. 400 w; g. 400 vars; h. 570 va; 1. 0.7; rectangular

form: I

T
= 4 a - j4 a; polar form: 1

T
= 5.7 a 1-45°

YOU MAY NOW TANE THE PROGRESS CHECK OR YOU MAY STUDY ANY OF THE OTHER
IESOURCES LISTED: IF YOU TAKE THE PROGRESS CHECK AND ANSWER ALL THE
QUESTIONS CORRECTLY, GO TO THE NEXT LESSON. IF NOT, STUDY ANY
METHOD OF INSTRUCTION YOU WISH UNTIL YOU CAN ANSWER ALL THE QUESTIONS
CORRECTLY.

33
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Summary

SUMMARY

LESSON I

Fourteen-I

Solving for Quantities in.,RL Parallel Circuits

In Module Six you were introduced to the rules governing parallel
circuits. Before the discussion of th'e more complex AC circuit,
perhaps a brief review of these rules,'using a purely resistive
circuit., will be helpful.

1. In a parallel network voltage is the common value.

Ea = El = E
2

E
3

= . .

2. Total circuit current equals the sum of the branch currents.

'T 4: 12 13
In

3. Branch resistance determines branch current, with the branch
containing the larger opposition having the smaller current.

4. Total circuit resistance is smaller than the smallest branch
resistance.

When dealing with purely resistive circuits. we are able to add the
branch currents directly to find total current; E and I are in phase,
/0 is 00, and the circuit power factor is 1. If a reactive element
TInductence in this case) is placed in the circuit, there is a
phase shift between the applied voltage and circuit current. Because
of this, other forms of computation must be used. For example, the
individual branch currents can no longer be added algebraically to find
I

T'
vectorial addition must be used.

In series AC circuits, current is the common value and the in-
dividual voltage drops are added vectorially to 'find E . In parallel

circuits, voltage is the common value and current diviSes between
the branches. Hence, voltage, not current, must be used as the vector
reference in a parallel circuit.

To solve this circuit with the
information given, the first step

Xi is to find the individual branch
40a currents. To do this, Ohm's Law

is,applied to each branch.
(Remember to include the angle
associated with each value.)

34
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IR = 1.- 75-77--= 1.33a /0°
/L XL 4TTITP 2.5 1--

E
100 /0°

= 2 a /- 0°
100 /0°

E
a
has a V angle because it is the reference value.

The next step is to find IT. Since there is a 90° phase angle between
the current through the resistive branch (I 0) and the current through
the inductive branch (IL), vector addition Must be used to combine
I

R
and I

L
.

.IT = IR -
L

1.33 a - j2.5 a = 2.83 a /-62°

Although this is an induCtive circuit, tne circuit phase angle is a
negative angle. The reason for this is apparent; reversal is due

to the change in reference values (current lags voltage).

Now that IT has been computed, 21. can be found by applying Ohm's Law.

E 100 y /0°
=35.4 0 /4-62°

ZT IT Uri-7762°

Remember, In Parallel Circuits You Must Vector For I
T'

Not Z or E
a

.

Apparent power is computed for parallel circuits in the same manner

as for series. In the above example:

Pa = IT x Ea = (2.83)(100) = 283 va

PF is still equal to the ratio of true power to apparent power.
P
I

PF = or more conveniently, PF = COS /0.
a

PF = COS 62° = 0.4695

True power can be computed for any circuit by using Pt = IT x Ea x cos /e

or if you wist+, Pt = IR
2
x R or Pt = IR x ER. The last equation is

usually the most convenient for parallel circuits.

Pt = IR x (1.33)(loo) = 133 w

29 . 3,5
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One fact you must always remember is that the impedance of a circuit
is not affected by any change in applied voltage. This fact is

apparent if you examine two identical circuits with aifferent values
of E

a
.

I

R
= 3.3 a

1 2.5 a
R XL
30,a ison

T
4 17

/6 = -36.9°

Z
T
= 24

R XL
3o1

4011

1

R
= 6.6a

I = 5 al

IT = 8.34 a

/0 = -36.9°

ZT 0

As you can see, the circuit phase angle does not change and Z
T

remains

the same.

Occasionally you will be required to find the impedance of a circuit
when the value ofthe applied voltage is not known. Because the value

of E has no effect on the impedance of the circuit, you can assume

any Ooltage you wish to find ZT. For example, any value of assumed
voltage can be used for this circuit.
We'll use 250 v.

R 125n XE 60a

250 /0°

I

R
= = 2 /0° a

125 /0

I

T
= 2 - j4.16 a

4.65 a / -61i.3°

E
250 /0°

Z =
T I 4.65 /44.3

250 /0°

IL = = 4.16 a /-90°
o0 /+90

. 53.8 ill+64.3.

The circuit impedance found in this manner is a valid figure; however,
you must keep in mind that IT is correct only if the assumed El Is
applied.

36
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In series circuits, the circuit is either predominately resistive or
predominately reactive depending upon which device developer the largest
voltage drop. A parallel circuit, however appears reactive or
resistive depending on which branch carries largest current.

AT THIS POINT, YOU MAY TAKE THE LESSON PROGRESS CHECK, O>Z YOU MAY
STUDY THE LESSON NARRATIVE OR TdE PROGRAMMED INSTRUCTION OR 80TH.
IF YOU TAKE THE PROGRESS CHECK AND ANSWER ALL OF TH,E QUESTIONS COR-

RECTLY, GO TO THE NEXT LESSON. IF NOT, SELECT ANOTHER METHOD OF
INSTRUCTION UNTIL YOU CAN ANSWER ALL THE QUESTIONS CORRECTLY.

33'7
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Overview

OVERVIEW

LESSON II

Variational Analysis of RL Parallel Circuits

Fourteen-11

In this lesson you will study and learn about the following: .

t7

- effect of a change in frequency

-effect of a change in applied voltage

-effect of a change in resistance

- effect of a change in inductance

.

OfFORE YOU START THIS LESSON, PREVIEW THE LIST OF STUDY RESOURCES

ON THE NEXT PAGE.

39



Study Resources

LIST OF STUDY RESOURCES

Fourteen-11

LESSON II

Variational Analysis of R6Paraliel Circuits

To learn the material in this lesson, you have the option of choosing,

according to your experience and preferences, any or all of the

fol lowing:.

STUDY BOOKLET:

Lesson Narrative

Programmed Instruction

Lesson Summary

ENRICHMENT MATERIAL:

NAVPERS 99400A-lb "Basic Electricity, Alternating Current."

Fundamentals of Electronics. Bureau of Naval Personnel.

Washington, D.C.: U.S. Government Printing OffEce, 1965.

MAY NOW STUDY ANY OR ALL OF THE RESOURCES LISTED ABOVE. YOU MAY

TAKE THE PROGRESS CHECK AT ANY TIME.



Narrative

NARRATIVE

LESSON II

Variational Analysis of RL Parallel Circuits

We will examine the network
" other circuit quantities if

frequency, applied voltage,

If.Frequencyls Increased

fourteen -1i

We.will assume that this resistive-
inductive parallel network has
e high-Q coil; therefore, we will
not need to consider effective
resistance as we analyze the
circuit.

to determine what will happen to all
we change one of, the four variables --

resistance, or inductance.

The first step in analyzing a
parallel circuit is to draw the
current vector diagram.

Now If f is increased; what will happen to XL?
_

.

Since X
L
* 2rrfL, if f is'increased X

L
increases ( +).

_ .

If X. increases, 1, decreases (0.
circbit is unchangkd by a change in
E noy R are affected by frequency.
teen 1

T
decreases.( +) as we can see

1/4

I !II a parallel RI. -

fFequency because neither
Therefore, if I decreases,
from the vector diagram.

hit
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If I

T
decreases, Z must have increased (+). We can see this

E

by a loolCat Ohm's Law -- ZT + T= .

T+

Since current.through the resistive branch has not changed, and
the resistance has not changld, true power does not change.

Apparent power, however, changes because total current de-
creases and the applied volte'a is unchanged.

Looking/again at thi current vector diagram, you see that as
I

L
'decreases, /0 decreases.

If angle theta decreases, then the power factor increases. You
know this to be true because P

t
is the same, but P

a
decreases.

PF+' = PP t

a+

The table to the right shows the complete
picture of the effects of an increase in
the frequency(iir the voltage applied to a
parallel RL circuit.

0E110 Applied Voltage

f

z,
111111

IT0-
MIEN
MIKA
PF II
Pt ICI/MNMil
1-9 in

The results of a change in the voltage applied to a parallel
RL circuit are easily analyzed.

None of the physical properties of the circuit are affec.- by

any change in voltage; thus, R and L remain the same. Without

37. 42'
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a change in either frequency or inductance, X, remains the

same. With both X
L

and it unaffected, the circuit impedance

is also unaffected.

If Ea is decreased, Ohm's Law shows that IL, and 1
R

and I
T

also decreased.

With a decrease In I
T'

I

R
and the applied voltage. P

t
and P

a
both decrease.

A look at the current vector diagram
indicates that as I., l and IT all
decrease, A does not change. '

Therefore, PF does not change.

ZAA I
ZT --O.

IT +
sit. L

iIL

XL 6.
PT 11.

Pt +
Po + -

Mk +

R

L 00
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Okay, let's see if you can correctly
analyze this circuit if the value of
R is increased. Indicate changes to
each circuit quantity by arrows in
the table at the right.

Draw the current vector diagram.

ZT

T

pF

You know that if R is increased, then I through the resistive
branch decreases. I

L
is unaffected since a change in R

doesn't change either frequency or inductance; therefore, it
does not affect X

L.

39
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FourteenII

The vector diagram indicates
that if I

R
decreases and It

does not change, IT decreates.

If I

T
decreases, and E

a
is constant, then Z

increases.

If I

R
and I

T
decrease and E

a
Is

then.P
t
and P

a
decrease.

Another look' at
1
the current vec

shows that /a Increases and the
factor decreaSes.

47

Ito

unchanged,

for diagram
power

R

ZT

4
4

IT +

IR +
It

01._
XL

Pr

Pt if

Po

Px- --..
+

R 4
-...
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Complete the table tcrl'hOw what happens if inductance
is decreased.

1

IR

IL

xL

PF

Pt

Pa

Px

R

L

Turn 0 the next page for the answers.

46
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Answers:

If I. is decreased, X1 decreases, and It
Increases

I

T
increases.

I

R
does not change.

if i
T

increases and E
a

is constant, Z
decreases.

As neither I
R
nor R changes, Pt does

not change.

As 1

T
increases, P

a
increases.

Obviously /0 increases; therefore, PF
decreases, R remains the same.

, 4 7

42

EMU
2,

iT

IR

EMILELEM=IR
4.Pt

It

11 et

L - 4
R ii
L



Narrative. Fourteen-I I

With the four variables changed separately as indicated in.
the chart, conduct a variational analysis of the circuit.
Indicate the changes to each circuit quantity by arrows.

f x
iT

-IT

'--11T-t

IL

XL
,

Pf

Pt

Its .

Pit

Lo_
R

L
1

Turn to the next page for the answers.

1i3
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Answers :

iiti 1

RT i 1 ___

IT

11

IR ..-
/1. t '-01'

XL I .---, --I
I

Pt '''''.11 1 ----10-

pa

---/I

R Ow .---10. 1 .-10.

L 111 .---11. OP.

49
Ui
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PROGRAMMED INSTRUCTION

LESSON II

Variational Analysis of RI. Parallel Circuits

Fourteen I \

In this lesson, we will perform a variational analysis on parallel
RL circuits to determine what effect changes in frequency, source
voltage, resistance, and inductance have on the circuit values.
You remember from past lessons that a variational analysis of the
circuit values consists basically of choosing one quantity as an in-
dependent variable and documenting the relative changes of all other
values as the independent variable is changed.

In the basic parallel RL circuit, we have the ability to vary or
change four quantities. Each quantity, in turn, is considered
the independent variable and a variational analysis performed. We
will assume that the effective resistance of the coil is negligible,
R
eff =O.

The four independent variables are;

I. frequency 3. resistance

2. voltage 4. inductance

Before performing the anaiysis, it will be helpful to briefly review
the characteristics of parallel AL circuits and present the funda-
mental equations used to calculate circuit values.

Basic Circuit Rules and

Voltage is common.

XL

ar
Ea

X
L

IT = IR IL (vector sum)



Current Vector Diagram

1/4

Fourteen-II

The only vector diagram calculations
are for current values.

TAN /0 m IL

R

P
t
m %I

R
)
2
R or 1R x Ea

Pa m EalT

P

PF m Pt m COS /0
a

Case I - Frequency of AC Voltage

We have chosen to Increase the frequency of the AC source,
keeping E , R and L constant. In the following frames, we
discuss tfle effect of increasing f on the remaining dr-

\ cult variables. In our circuit example, effective resistance
of the inductor is assumed negligible with

eff
m O.

THERE ARE NO TEST FRAM; IN THIS PROGRAMMED SEQUENCE.

I. Resistance is a physical property of the circuit. Increasing

source frequency produces change in R. How
do you increase resistance?

Ino; increase value of resistor)

2. Impedance of the inductor is given by the formula: Xi =
An increase in f produces a/an in XL, it

L
is

measured in

increase; ohms)

51
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3. Increasing the frequency produces a corresponding increase in
XL. Branch current through X

L
correspondingly

according to Ohm's Law: IL = .

Ea

(decreases; Ti74

L

4. Current flowing through the resistive branch depends only
on E

a
and according to Ohm's Law. Therefore,

1

R
when f is increased.

--(ltdoes not tange

5. Knowing the changes to IR and IL, the dependence of total current
(I ) on increasing frequency can be determined from the current
vetor diagram. increasing frequency causes a decrease in IL and
a/an In I

T
.

E!...___,

----17ITErease)

6. From the same current vector diagram, we can determine that
the phase angle .

Cdecreares)

. 52
47
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7. Total circuit impedance (4) can be expressed as a function of
E
a

and : according to Ohm's Law: 21 = .

4

Increasing f causes 2.1. to .

(IT; fl; increase)

T

8. The current flowing through the resistive branch does not
change with an increase In frequency since resistance is a
physical property. As shown by the formula, 1

R
x R, true power

with an increase .in f.

4

[does not change)

9. The current flowing through the Inductive component decreases with
an Increase in frequency. As shown by the equation:

E

X
L
= 2wfL, 1 and P

x
= 1

2
XL, reactive power

L X

a

L

with an increase in frequency.

(decrease)

10. To find the variation in apparent power, consider the basic
equation, Pa = EalT.

Since I
T

decreases with an increase in f, P
-- a

decreases

11. Variations in the power factor can be determined from either one
of the formulas: P

t
PF =

P
a

PF = COS /0

With an increase in f, true power remains constant and apparent
power decreases. Since /0 decreases, COS /0 and
PF for a corresponding Increase in f.

c s es ncreases
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12. Fill in the blank blocks with arrows to indicate increase (t),
decrease (+), or no change (+).

L

\r) %ft

R XL ZT tit IL I
T LB Pt A px OF

L R XL ZT IR IL
iT

i 6 Pt PA Px II

Case II - Source Voltage

In this analysis, we increase E and determine the
relationships of the following variables.

13. Resistance Is a physical property and does not change with an
Increase in E . Reactance depends only on f and L. so XL is
unchange4. TRe total circuit impedance (ITT is a combination
of R and.; and therefore with an increase
in source Ooltage.

Toes not change)

us &4
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14. Branch :urrents, 1

R
and I

L'
depend on the applied voltage

and brach impedance.

E

R R

a

Therefore, since R and X are not affected by a change of
applied voltage, and tt. with an increase
in source voltage,"Ea.

increase

15. The dependence of total circuit current on source voltage can
' Ea

be determined from Ohm's Law; (1.1.'4= 7). Increasing E
a

pro-
duces a corresponding increase in

(IT)

16. In Ohm's Law, weican see that 10 and 1

L
increase a proportional

amount for a givhn change In E 7 By looking at the current
vector diagram, you can see Ott the phase angle
with an increase in E

a
.

hi 8

11114-'4110'

/I
IT

t.

(does,not change)
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17. True power, reactive power and apparent power can be expressed as
the product of voltage and current as shown by the equations:

P
t

Ea 1
R

Px = Ea I
L

P
a

Ea 1
T

As E
a

is increased
'

I

R
, I

L
and I

T
increase, producing corresponding

in both power values.

increases

18. Since the power factor is equal to the cosine of ie, a change
in the applied voltage causes in PF.

no change)

19. Place arrows in the blanks to show the change caused by an
increase in source voltage.

1. R XL 'I 1T 0 Pt A

XL Pt A

=a

=.110b
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Case III - Resistance

L R. ZT it PF

In this example, we decrease the magnitude of the resistance.
The following current vector diagram will help yoit visualize
the changes in circuit values.

1

t

1N`NI 1

___-___ ._____- _
1 t

20. For a decrease in circuit resistance (R) determine the change,
if any, to the following values.,

a. E
a

- Does a change in R ca.se E
a

to change?

b. 1

R
- Current flowing theough R

c. X
L
- Since the reactance of the inductor depends on f and L,

a decrease in R produces in XL.

d. 1

L

e. Z - Since total impedance is determined by E
a
and IT, a

decreasins R causes an increasing IR and
in Z .

f. /0 -

g. Pt - IR increases, producing in true power.

h. Px 1

L
does not change, producing in P

x
reactive

power.

i. I

j. Pa

k. PF - The power factor equals COS /e. The phase angle decreass
and PF

(a. no; b. Increases; c. no change; d. no change;
e. a decrease; f. decreases; g. an increase; h. no change;

1. increases. j. increases; k. increases)

57
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21. Show with arrows the effect of decreasing R.

R 1. A zT R 1T Ls_ Pt A Px PF

R L IR Le_ PF.

rmarrilip.

Case IV - Inductance

22. In Case IV, we vary the inductance by decreasing L. For

the remaining circuit variables, determine their dependence
on decreasing L and Indicate their variation by arrows in the
following chart.

xLR ZT R iL Pt A PF

R iL 10 PF

1

YOU MAY NOW TAKE THE PROGRESS CHECK, OR YOU MAY STUDY ANY OF THE
OTHER RESOURCES LISTED. IF YOU TAKE THE PROGRESS CHECK AND ANSWER
ALL THE QUESTIONS CORRECTLY, GO TO THE NEXT LESSON. IF NOT,

STUDY ANY METHOD OF INSTRUCTION YOU WISH UNTIL YOU CAN ANSWER ALL
THE QUESTIONS CORRECTLY.

5355
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SUMMARY

LESSON II

Variational Analysis of RL Parallel Circuits

During this lesson, we will examine a parallel network to determine what
happens to circuit values when each of four variable quantities - --
frequency, inductance, -res!cance, and applied voltage -- are changed.
Remember, when dealing w!th parallel circuits, vector current, not
impedance. The relative values of IR and IL determine whether IV
circuit is predominantly resistive or reactive.

Just as in series circuits, the value most obviously affected by any
chapgein frequency is inductive reactance. For.example, an increase
in frequency causes a corresponding increase in XL.

An increase in the opposition of the inductive branch causes a de-
crease in the current through that branch.

The resistive branch, for practical purposes, is not affected by any
variation in frequency.

Total current is equal to the vector sum of the resistive current
(I R} and the reactive cLIrrent (I

L
). In this case, with the decrease

in IL there is a corresponding decrease in I

T
.

Since decreases and la remains the same, the circuit appears ,
more resistive and /0 deereasek.

Mt

48

With the decreases in /e, there is an Increase in PF.

Since total current decreases while the applied voltage remains the
same, there must be an increase in impedance.

Although the PF increases, true power remains the same, because
there is no change in the resistive branch.

Since apparent power Is equal to total current times the applied voltage,
it decreases.

51$
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To summarize:

1

ML

It --
IL : +
In Po.

gaill
1 f

Inlini
1:11 f
't
11. II I

II 2PR

ti

Any variation in Inductance affects the circuit in the sawn
mariner as a comparable change in treque.ncy.
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The table below shoWs the effctlt of a decrease In resistance in
the resistive branch of an RL porallel circuit.

IT

IT

IR

IL

XL

PP

Pt

Pp

Px

e

R

4

-110.

Any variation in applied voltage causes a proportional variation
in all values of voltage, current, and power.

AT THIS POINT, YOU MAY TAKE THE LESSON PROGRESS CHECK, OR YOU MAY
STUDY THE LESSON NARRATIVE OR THE PROGRAMMED INSTRUCTION OR BOTH.
IF YOU TAKE THE PROGRESS CHECK AND ANSWER ALL OF THE QUESTIONS COR-
RECTLY, GO TO THE NEXT LESSON. IF NOT, STUDY ANOTHER METHOD OF
INSTRUCTION UNTIL YOU CAN ANSWER ALL THE QUESTIONS CORRECTLY.
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OVERVIEW

LESSON III

Parallel RC and RCL Circuits

In this lesson you will study and learn about the following:

-solving parallel RC circuits

-variational analysis of parallel RC

circuits

-solving parallel RCL circuits

BEFORE YOU START THIS LESSON, PREVIEW THE LIST OF STUDY RESOURCES

ON THE NEXT PAGE.

40
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LIST OF STUDY RESOURCES

LESSON III

Parallel RC and RCL Circuits

To learn the material in this lesson, you have the option of choosing,

according to your experience and preferences, any or all of the

following:

STUDY BOOKLET:

Lesson Narrative

Programmed Instruction

Lesson Summary

ENRICHMENT MATERIAL:

NAVPERS 93400A-ib "Basic Electricity, Alternating Current."

Fundamentals of Electronics. Bureau of Naval Personnel.

Washington, D.C.: U.S. Government Printing Offine, 1965.

YOU MAY NOW STUDY ANY OR ALL OF THE RESOURCES LISTED ABOVE. YOU MAY

TAKE THE PROGRESS CHECK AT AMY TIME.

640
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NARRATIVE

LESSON III

Parallel RC and RCL Circuits

Solving Parallel RC Circuits

To solve for quantities in parallel RC circuits, you proceed
just as you did to solve parallel RL circuits. Again with
parallel RC circuits, we approach the problem via the vector
diagram for current.

.3.41P1111P0
standard position. Recal

branch leads the voltage
reason the vector for 1

Here again, voltage is the common
reference. Since current through the
resistive leg is in phase with the
applied voltage, 10 is vectored in the

I that current througt the capacitive
by an angle of 90° (ICE). For this
is drawn upward to indicate lc leading Ea.

IC

.

Find the values of I and IC and
construct the current vector diagram
to determine 1

T
.

I

R
It

iC

IT

Your vector diagram should look like this:

* 3 a

.1
C
= 4 a

IT = 5 a /53.1°

6o
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By applying Ohm's Law, we can solve for ZT.
E
a

Z
T 1

T

360 v /0° .

17 * 5 a /53.1°

Z
T

= 7,210 /-53.1°

Solve the preceding circuit.

P
t

P
a

P
x

True power is computed by either of the formulas: P
t

= (I
R
)
2

x R,

Pt ¢ IR x Ea or Pt = IT x Ea x COS /0

P
t
= (I

R
)2 x R

P
t
= 5 x 110

Pi. * 1080 w or 1.08 kw

Apparent power, is found using total circuit values.

Pa = IT x Ea = 5 a x 360 v

P
a

0 1800 va

Reactive power, is found by using total circuit values multiplied
by the sine of /e (/e = 353.1°) P = IT x E x SIN /0, or by using

component values = le" x X
C,

6nce 70 is
a
known it is much simpler

to use the sine fufictioA.

Px = IT x Ea x SIN /13

P
x
= 5a x 360v x .799

P
x

0 1438 vars

Power factor is equal to the COS /0 which is 0.6 for an angle
of 53.1°.

The only difference between solving an RC parallel circuit and
an RI. parallel circuit is in the sign of the circuit phase angle.
The phase angle Is positive in RC circuits, but negative in
RL Cift::Q10.
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Practice Esoblems:

Z
T
=

E =
'a

X
C
=

2. In problem 1 does the circuit appear more resistive

or more capacitive?

3.

4.

«53 RFD

I

C

Answers:

1. ZT = 26.6 n 1-70.5°

E = 160 v
a

X
C
= 28.3 2 190-°r,

2. Capacitive 67

62
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3. 70.7 i 1-45°

4. 2 a

5. E
a

120v

1c 4 a /90°

IT= 5 a /53.1°

Zr 24 i /-53.1°

Variational Analysis of Parallel RC Circuits

Mien conducting a variational analysis of an RC circuits keep
in mind the formula

0.159X =
C fC

and the current victor diagram.

A

Changing Frequency

If frequency is increased let's, see what happens to other
circuit quantities.

IC

If frequency is increased XC decreases.

If X decreases, I Increases.

ID remains the same because R is unaffected by a change in
fFequency.

if lc increases, and IR remains the same, IT increases.

If IT increases and Ea remains the same,T decreases.

As I

T
increases, P

a
increases.

As IC increases, P
x

increases
x

.12x (X
C
))

ea
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IC--;
+AC

IR
id

If angle theta increases, PF decreases.

The current vector
diagram shows that
..;s I increases /8.
increases.

Capacitance is a physical property and it not
affected by frequency.

Fourteen-ill

Complete this variational analysis table using arrows
to indicate the results of the changes indicated.

Draw the cerroA vector
diagrams.

umLira
IT

IR --41.

IC

XC

If i
Pt .4.

pa t1
MLR

SEIMC

4_1;7_114 Rit

IT

tit

PF.,

Pt

fel -
_

LA
M

C

Check with answers on next page.
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Answers:

4,c

IR

1

IR

Solving Parallel RCL Circuits

The objective here is to solve for each of the quantities listed
at the right margin in this three-branch parallel circuit on top
of page 66.

Fourteen-iii

For these vectors only the dotted lines
are the original circuit conditions.

R4 Efinfil

Riga=)114=1
ENIIM

Mum Nun
Ls- CEIIIMINNE
Eli 111=Iti -a- I=1lel= LB

65
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find that I
k
= 3 a

1
L

= 2 a

I

C
= 4 a

fit

And we can draw these vectors.

First by Oho's Law, we solve for
current throuu:. each branch and

1L

i = 111.

1T =

ZT

P
t
=

P
x
=

P
a
=

/0 =

PF =

In drawing the current vector diagram, we algebraically add the
current quuntittes of lc and IL. This is possible because I

and I
L

are IRO' out of phase.

Express in rectangular notation:

1 R = 3 a + JO a

I

L
= 0 a - j2 a

1
C

0 a + 14 a 71

IT = 3 a + jZ a

66
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The vector diagram then shows In = 3 a and Ox = 2 a. This
, gp In e e pargliel RCL circuit appears to

the source as a parallel RC circuit

IX 2. 1T 1
(more capacitive than inductive).

1

113m

We nay now convert IT from rectangular notation to polar notation.
I

X
TAN /0 =

Ex

2 a
TAN /0 =

3 a

Therefore, TAN /0 = 0.6667

Looking in the trig tables we find that when the TAN is 0.6667, then,

SIN

/0

/0

=

=

33.7°

0.55h8

COS /0 =

IT

0.8320

3.6 a /33.7°

The combined values of inductive reactive power and capacitive
reactive power is the circuit reactive power (P ). Capacitive
reactive power is 180 out of phase with the inductive reactive
power.

Solve for ZT of the preceding circuit.

T
=

Solve for Pt, Px, and P
a

.

P =
t -----

P
a

=

P
x

Answers: Z
T
= 33.3 f /-33.7°

P
t
= 359.42 W

P
a
= 432 va

Px = 239.67 vars
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Practice

360v R 9011 Xi. 6011 .b. Xc 120 ft

Draw current veccors and solve. I

T
=

Z
T

P
t
=

..,

Check answers on next page.

P
Y

P =
a

fe

PF =

IR

IL =

id

68
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Answers:

lit 46

Fourteen -III

AT THIS POINT, YOU MAY TAKE THE PROGRESS CHECK, OR YOU MAY STUDY
ANY OF THE OTHER RESOURCES LISTED. IF YOU TAKE THE PROGRESS
CHECK AND ANSWER ALL OF THE QUESTIONS CORRECTLY, GO TO THE NEXT

LESSON. IF NOT, STUDY ANY METHOD OF INSTRUCTION YOU WISH UN-

TIL YOU CAN ANSWER ALL THE QUESTIONS CORRECTLY.



P.I. Fourteen-Ill

PROGRAMMED INSTRUCTION

LESSON III

Parallel RC and RCL Ciecuits

THIS PROGRAMMED SEQUENCE HAS NO TEST FRAMES.

1. A simple parallel RC circuit is illustrated by the diagram below.
'The only difference between th!s circuit and a parallel RL circuit
is that a capacitor replaces the inductor. Consequently, voltage
is still , the voltage across the res!stor equals
the voltage across the capacitor, and both are equal to

E
a
)

2. Since voltage is common, E is represented by -a vector in the

positIcin.

(standard)

3. Current through the resistive branch is in phase with the
and is represented by a vector in the standard position.

EA 'It
1111P--1111*

(voltage)

/0

70

IM
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4. The magnitude of Ift can be calculated by Ohm's Law.

1

R
Ix

Fourteen-111

IP OP

Ear
...

5. in parallel RC or RL circuits, the circuit value to vector for
is .

46

(current)

6. In the purely capacitive branch, current voltage by

90°.

AleadsT

7. In the current vector diagram, lc is drawn as a vector pointing
in the . position.

EA

IC

(+J)

8. Using the symbols I and 1, the total current in the circuit can
be written in rectaNgular Notation as .

...

(1
R

+ .11
C
)

176
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9. In the current vector diagram, the resultant vector represents
the current flowing in the circuit and /e
is tiliiiiiie between circuit current and

.

(total; voltage)

10. For the example circuit, I and lc can bll chlculated according
to Ohm's Law. The magnituae of branch currents are:

IR -

It =

(2 a; 4 a)

11. The current vector diagram for the above example is given
below. Total current can be calculated to be
with a phase angle of .

g

(4.5 a; 61r.An

77
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12. An important rule to remember in calculating total impedance
was given in the discussion of parallel RL circuits. Namely,
total impedance is calculated according to Ohm's Law for total
current and source voltage. The equation for ZT is written:

T

Ea

IT

13. Now the magnitude of the total impedance can be directly
calculated to be . To determine the phase of
the tote/ impedance, we must include the phases of Ea and IT
in the equation.

(22 Q

410 14. The source voltage (Ea = 100 v) is the reference value and can
be written in polar form as

Ea=
The total current written in polar form is

---(Toc,/o7-47c.-6374-6)

E

15. Using the equation, Z. = the total imnedance written in
polar notation becomes

(22 P 1-63.4°)
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16. The true power of any circuit is that power dissipated in the
resistive elements as heat. In parallel RC circuits, the
equation for true power may be written in terms of IR and R.

Pt

(1R2R)

17. The true power for the example circuit is

For I. and R given in amperes and ohms, respectively, the true
.

power
Kts

expressed in

(200 w; watts)

18. Apparent power is equal to the product of source voltage and
. The magnitude of Pa for the example circuit is

va.

(total current; 450)

19. Reactive peer is equal to the product of the source voltage.
total current and the sine /0. The magnitude of Px for the
same circuit is Va.

1402.3 vars)

20. In the variational analysis of parallel RC circuits, we
independently vary the following circuit quantities and determine
What happens to the remaining circuit variables.

1. frequency (f)

2. source voltage (Ea)

3. capacitance (C)

4. resistance (R)

714
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Again, it will be helpful to summarize the rules and equations
describing parallel RC circuits. Freqt.ent use of the current

vector diagram will be made to visualize circuit characteristics.

Basic Circuit

Current Vector Diagram

Rules and Equations

Voltage is common

0.159
X
C

= re
E
a

IR r
E
a

IC =
XC

IT=
I +

4.
jI

R C

I

_i_
TAN /e . 7

R1--
P
t

= (1
R
)2R or I

R
E
a

-w
lit

P
x
= I

x

2
XXC or IT Ea SIN /e

1

P
a

= I

T
E
a

i

iC

21. xc IR

Pt
PF = 7- = COS /0

Fa

IT
zT

/ 0 P
A Pr

1

1n4his example, we increase frequency and determine the
corresponding changes, if any, in the remaining circuit
quantities. Upon completing the short statements, note the
variation in the above table by appropriately directed arrows.
Draw the current vector diagram when necessary.

R - Resistance is a physical property; therefore R
with an increase in frequency.

XC - XC is propoillonal to mv therefore XC with
an increase in f.

I

R
Since R and E

a
are constant, 1

75

4
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IL - From Ohm's Law, lc is expected to with a decrease

in X.

I.. - In constant and lc increasing, IT

The vector diagram shows that the phase angle, 0,

E,

'

Z
T

- From Ohm's Law, Z
T

= -2. the total impedance
1

T

with E
a

held constant and I

T
creased.

P
t
- Since R and I

R
are constant, P

t

P
a

- Apparent power equals Ea x I

T'
and it

an increase in f.
P
t

P '

PF - From the ratio of the power factor
a

The completed matrix for a change in frequency is:

xc tit
IT

ZT /e PT
A PF

worierilp.

1

Answers:

R - does not change; XL - decreases; In - is also constant;

I - increases.
'

I

T '

- increases; Z
T

- decreases; /0 - increases;

P. - is constant; P
x

- increases.
'

P
a

increases; PF - decreases

s



Pi

Case 11 Source Voltage

22. Complete this table.

Fourteen-III

/0 .1
'T Px PA PF

) IR ;r Le PT P Pr

a

Case III - Resistance

23. Complete. this table.

1 IT zi li_ P
x PF

XC C PI

A,

1

...111

77
82
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Caie IV - Capacitance

24. Complete this table.

Fourteen-III

C I xc St lc or zr I/ 0 PT Px A Pi

- 1

I

I

O ZT PT
Px A

1111=601111.

Nit

Dotted lines are
original circuit
conditions.Parallel RCL Circuits

A simple parallel RCL circuit consists of one purely resistive
branch, one purely inductive branch, and one purely capacitive
branch. The basic rules for solving parallel RL and parallel
RC circuits apply to a parallel RCL circuit.

A basic RCL circuit is illustrated at
the left. Voltage is as

In the parallel RL and RC circuits.
The total source voltage, E, appears
across branches AS, CD, and

common; Er)

7883



Fourteen-iii

26, Given circuit values, we can directly solve for the current
flowing through each of the three branches using

(Ohm's Law)

27. Solve for branch currents.

7--xt 2011

(2 a; 4 a; 5 a)

28. E and the current flowing through the br.w)ch are in

phase; therefore, the vector representing ID is plotted in the
standard position.

(resistive)

29. Current in the inductive branch the voltage by 90°

while current in the capacitive branch the voltage by
9CO.

(lags; leads)

79
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30. We cannot solve the current vector diagram yet since the circuit
vectors point in three separate directions. First, we must
represent branch currents in rectangular notation. In

rectangular notation, the branch currents for the example circuit
are:

IR im

=

a 4- JO a; a; a + j5 a

31. We can add branch currents when they are expressed in
rectangular notation. The resulting sum is:

I

R
= 2 a 4- JO a

I

L
= 0 a- J4 a

/X a -15 a

=
T

(2 a 4- J-1 a)

32. We can now draw a vector diagram of the branch currents re-
presenting IR and the difference between and

)
C'

1

L

80
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33. Since all branch currents are represented in the vector
diagram, we can solve for the circuit current.

34. Convert I

T
from rectangular notation to polar notation:

IT

(2.24 a /26.6T

35. Knowing both the source voltage and total current, we can
solve for the total impedance of the circuit using Ohm's Law.

Z =

100v /0°

= 44.8 P / -26.6°
TTF-716.6°

36. rztermyle true power, apparent power and reactive power for the
examplr.

P
t
.=

P
a
=

Px

----1-55747 224 vaL120 ears)

YOU MAY TAKE 14IE PROGRESS CHECK, OR YOU MAY STUDY ANY OF fRt OTHER
RESOURCES LISTED. IF YOU TAKE THE PROGRESS CHECK AND ANSWER ALL THE
QUESTIONS CORRECTLY, GO ON TO THE NEXT LESSON. IF NOT, STUDY AlOt

METHOD OF INSTRUCTION YOU WISH UNTIL YOU CAN ANSWER ALL THE QUESTIONS
CORRECTLY.
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SUMMARY

LESSON III

Parallel RC and RCL Circuits

The procedures for solving parallel RC circuits are identical to
those used to compute RL parallel values. The only difference is
the sign of the resulting circuit phase angle. An inductive
parallel circuit has a negative phase angle while a capacitive
parallel circuit has a positive phase angle.

The first step is to apply Ohm's
Law to each branch and find IR
and lc.

75 /0' 0.75 a /0°

124 IR 100 0°

75 /0 0.6 a / +90°

IC 11377790°

B anch currents are added vectoriaily to find IT and /O.

I I 0.96 a /38.6°

.
I

T
= 0.75 + J0.6 =

4t.750
nee I

T
is known, Ohm's Law is applied to compute Z.

E
a

75 /0°
= 78.2 /-38.6°Z=IT

1707347740.0

Power can now be determined:

P
t
= (I

R
)
2
x R = (0.752) ( 100) = (0.56) ( 100) = 56w

Px = (1c)2 x XC = (0.62) (125) = (0.36) (125) = 45 vers

PI= IT x Ea = (0.96)(75) = 72 va

P 56 ,0rr u. tp/
P

t

a
72

ParallsI RC circuits react to changes in voltage, impedance,
or reactance the same way as parallel RL circuits. Keep in mind
that Xr is inversely proportional to frequency and capacitance while

X, is directly proportional to frequency and inductance. An increase
IR frequency causes a decrease in capacitive reactance.

If you have successfully mastered RL and RC circuits, you will find
that the three-branch RCL circuits will present no problem.

82
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R )1/4

sooil

The first step is to find
the current through each branch.

E 100 /0°

I a 0.1 a 1-90°
L XL

1 x 10
3

/4-90°

Ea 100 /0°
= 0.2 a

ift -R 515:1717

E_ 100 /0°

C
.

A 400 /-90°
= 0.25 a /4-90°

Combine the branch currents using rectangular notation.

I

L
= 0 - j0.1

-
I

R
= 0.2 r JO

IC = 0 4- j0.25

I

T
=0.2 j0.15

The effects of IL and tend to cancel each other and the result is
0.15 amps of reactive current. To find IT, the resistive purrent (IR)
and the difference between I

L
env I are added vectorlally.

Ix

1Sa
0.25 a 436.8°

.20
Once IT has been determined, the other circuit values can be computed
in exactly the same manner as in any other circuit. Because the
mathematical procedure. to derive reactance in the parallel RCL circuits
is too lengthj, the sine function of the circuit phase angle is used
to resolve ti. circuit value of P

x
.

E
a 10 v,

=
I I 0.025 1+38.8

400 Q /-36.8°
°

P
t

= (I
R
)
2
x R (0.04) (500) = 20 w

Px = IT x Ea" SIN /0 = (0.25) (100) (0.599) m 14.9 vars

P
a T a
= x El = (0.25) (100) = 25 va

PF = COS /8: COS /36.8° = 0.8007

AT THIS POINT, YOU MAY TAKE THE LESSON PROGRESS CHECK, OR YOU MAY
STUDY THE LESSON NARRATIVE OR THE PROGRAMED INSTRUCTION OR BOTH.
IF YOU TAKE THE PROGRESS CHECK AND ANSWER ALL ^F THE QUESTIONS COR-
RECTLY, GO TO THE NEXT LESSON. IF NOT, STUDY ANOTHER METHOD OF
INSTRUCTION UNTIL YOU CAN ANSWER ALL THE QUESTIONS CORRECTLY.
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OVERVIEW

LESSON IV

Resonant Frequency in Parallel AC Circuits

In this lesson, you will study and learn about the following:

- analyzing a parar.,1 LC circuit

- an ideal parallel LC circuit operating

at its natural resonant frequency

- analyzing a practical tank circuit

- effects of operating parallel LC

circuits at other than resonant

freouency

- filters using parallel resonant circuits

BEFORE YOU START THIS 0.iSSON, PREVIEW THE LIST OF STUDY RESOURCES

ON THE NEXT PAGE.

,

.....,..."*-

it)

86
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LIST OF STUDY RESOURCES

LESSON IV

Resc.iant Frequency in Parallel AC Circuits

To learn the tterial in this lesson, you have the option ofothoosing

according to your experience and preferences, any or all of the

follouangt

STUDY BOOKLET:

Lesson Narrative

Programmed Instruction

Lesson Summary

ENRICHMENT MATERIAL:

NAVPER3 53400A-117 "Basic Electricity, Alternating Current."

Fundamentals of Electronics. Bureat of Naval Personnel.

Washington, D.C.: U.S. Government Printing Office, 1965.

AUDIO-VISUAL:

Slide/Sound Presentation - "Re;;Inte in Parallel Circuits."

YOU MAY NOW STUDY ANY OR ALL OF THE RESOURCES LISTED ABOVE. YOU

MAY TAKE THE PROGRESS CHECK AT ANY TIME.

87
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NARRATIVE

LESSON IV

Resonant Frequency in Parallel AC Circuits

Analyzing an LC .Circuit

So far in this module, we have analyzed parallel RL, RC and
RLC circuits. Now we will idealize (disregard all circuit
'resistance) a circuit that has only reactive components,
a capacitor and coi'.

Our task in analyzing this LC parallel circuit is 4: determine

the total current and then total impedance.

As this is a parallel circuit, we will analyze the pro63em
using the current vector diagram. 'Again our common reference
is the applied voltage.

Using Ohm's Lzw, we determine
the current thrOugh the capacitive
branch is 4 amps, and construct a
vector for Ir to show that current
leads the voltage by 90°.

We can determine that tale current through the inductlye branch
is 3 amps. The vector for IL is drawn to show :hat voltage leads
current by 90°.

EA

A
1c40

411"

IL 3° ./.4.3.C.Iil

Because I and are 180° out of phase, wt can algebralcally'add

these quaNtities
L
to solve for total curren..

I

C
= 0 +

IL=O j3 a,
%

.

1

T
= 0 4. Jl a
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411 Now, by using Ohm's Law, we con- solve for ZT.
E

ZT-
- a-

1,

120v

T 1 a

Z
T

= 120 it

Note that ZT is greater than either XC or X1. Thiscis an important
aspect of a parallel LC circuit and we will discuss it further.

When the source of power is removed, co-rent will continue to
circulate betwen I, and C.

DAMPED WAVE \'

This action is due to the discharging of tb capacitor and the
collapsing field of the inductor., The current will continue to
circulate back and forth between L and C at a diminishing rate.
A damped wave is formed due to the resistance present in any
practical circuit. This action is known.as flywheel action or
flywheel effect.

An Ideal Circuit at Natural Resonant Frequent'

Notice that XC and X
L
are equal, both 30 ohms.

Ac 30.Q

Current is flowing in both branches of the network. le = j4 amps
and I

L
= j4 amps. The current vector diagram is plotted below:

A

89
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Because 1 and I are equal and opposite, they cancel each other;
thus, the total tircuit current is 0since at any given instant
of time, current is flowing in one direction through the capacitive
branch of the circuit and in the opposite direction through the
inductive branch. The appearance in the tank is that of a loop of
current. This is called circulating current or tank current, and the
parallel 1. circuit is called a .ank circuit.

The point to be stressed is that ''.,ere is no current drawn from the
source. The line current equals 0. A high 'current flows in the tank,
but no current flews to or from the source.

Solving for ZT in the ideal circuit yields:

100a
infinity (0)

ZT 7 0 a
i

(Dividing zero into any number actually yields an undefined number.
However, if I

LINE
becomes smaller and smaller, eventually there is

no current flow From the source, and an infinite amount of opposition
is implied.)

9

When these conditions exist:

XC = X
L

1

LINE

Z
T
=

The parallel circuit is said to be at its natural resonant frequency.

Natural resonance always occurs when XL = Xc.

This is true for both series and parallel circuits.

In practice, an "ideal oircult" never zxists because resistance is
always present. However, we will further discuss this ideal circuit
to better understand what takes place at natural resonant frequency.

Recall that to find resonant frequency in series AC circuits, we
used this formula which came from the XL = XC condition:

f
0.159

o

'Since X
L.
= X

C
in parallel circuit at resonance also, the same

formula is used to find f
o

.



In practical Applications, ideal circuit conditions can never
be Achieved. A practical circuit always has some resistance.
This resistance is primarity due to the coil's windings and'is
depicted as a resistor in series wish the coil'in the above
circuit.

Remember, that with X
L

and R in series, the phase angle is between
0 and 90°. 4

This means that the current in the capacitor, and the current in
thA coil are not exactly.180° out of phase, and therefore, are
not exactly equal and opposite.

Since the twocurrents do not completely cancel, there Is some
line current flowing to and from the source. -Obviously, if the

' ratio of X to R is large, there is little afferAnce between
L --

the two branch currents, and the net line current-is small.
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Notethe effect shown on the .:1;agram below.

A. 1=.1 4. mr

IL

(ideal)

Fourteen-IU'

ilR

:practical)

IL

Using Ohm's Law, we see that although the impedance of the
parallel resonant circuit is not infinite as in the ideal tank,
the total impedance is still very large.

Note that-this is ,exactly opposite to series resonance, since
in series resonance circoits, we found the circuit current to
be very high, and the ,impedance quite small.

Off-Resonance EffecA in Practical Parallel Circuits

Or 1
We haveseen that when any LC circuit operates at its resonant
frevency, the reactances are equal. We have seen that Xi a X,
at only one,frequency for a given,tand C combination. The "

source sees a resistive load, whether R, L, and C are in series
or in parallel.

At frequencies other than that of resonance, the effects of the
reactances are not cancelled (XL does not equal XC), leaving one
or the other dominant. In analyzing the off-resonance effects
of the series RLC combination, we learned that when XL is the
larger, the circuit is inductive; when XC is the larger, the
circuit is capocItive.

Examine the parallel circuit shown below.

variable

frespre.acy

generator

sit at 60hz

In our example, 0 Hz is the resonant frequency. Suppose we
now change the variable-frequency generator to produce an output
of 30 Hz. Since f has decreased, X decreases but X increases.
At .his lower frequency, the current through the coil increases
while the current through the capacitor decreases. The total

92 9 6
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vector sum current supplied by the source is now largely
inductive current. The circuit current lags the applied
voltage (ELI). Hence, the circuit now appears inductive.

In general, we see:

If the source frequency is below fo, the parallel

LC circuit appears inductive.

Now we raise the source frequency above f . X increases and
X decreases. At this frequency, the cur?ent through the coil
decreases, while the current through the capacitor increases.
The current from the source is capacitive current and it leads
the applied voltage (ICE). Therefore, the circuit behaves like
a capacitive circuit.

In generale we see:

If the applied frequency is above fo, the parallel

circuit appears capacitive.

Filters Using Parallel Resonant Circuits

A parallel resonant LC circuit may be used as a very efficient
bandpass filter. A very common use for a circuit like this is
the tuning section, of a radio receiver. The high impedance of
the tank circuit at or near resonance develops a relatively
high voltage to pass on to the following circuits. Here is a
schematic of this type tank.

antenna

to radio

Frequencies higher than the resonant frequency are bypassed
through the capacitor while those below resonance are passed
through the inductor without producing a significant voltage
arop.

By using a variable capacitor in the circuit, a tunable filter
results, and the circuit can be adjusted to pick up one par-
ticular radio station while rejecting all others.

93.
97
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Should you desire to eliminate'one frequency from a circuit
(for example, a ham station creating interference with your TV),
you can wire in a tank circuit like this one, and adjust it
to reject the undesired signal.

input

This is called a band
elimination filter, for it
cuts out a limited range of
frequencies without greatly
affecting signals above or
below its cutoff frequencies.

AT THIS POINT, YOU MAY TAKE THE PROGRESS CHECK, OR YOU MAY STUDY
ANY OF THE OTHER RESOURCES LISTED. IF YOU TAKE THE PROGRESS
CHECK AND ANSWER ALL OF THE QUESTIONS CORRECTLY, GO TO THE NEXT
LESSON. IF NOT, STUDY ANY METHOD OF INSTRUCTION'YOU WISH UNTIL
YOU CAN ANSWER ALL THE QUESTIONS CORRECTLY.

, 98
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PROGRAMMED INSTRUCTION

LESSON IV

Resonant Frequency in Parallel AC Circuits

THIS PROGRAMMED SEQUENCE HAS HO TEST FRAMES.

'The idedl LC Circuit

-So far in this module, we have discussed parallel RI, RC and RIC
circuits and developed rules for determi ing the circuit values.
By performing a variational analysis on taese circuits, we have been
able to observe characteristics of each type of circuit when circuit
values are independently varied. A fourth type of parallel circuit
coitaining only reactive elements displays interesting and unique
characteristics. The parallel LC circuit cannot be totally without
resistance for all circuits have resistance in their elements and
wire. However, wP will first discuss the ideal circuit with only
reactive elements and later consider effects of resistance.

1. The basic ideal LC circuit is shown in the diagram below. Since
it is a parallel circuit, is common and the voltage
drop across AB the drop across CD.

A C

B D

5o

(voltage; a uq

95
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2. The current flowing through each branch can be calculated from
the equations: .

E
a .

4
ICC X

C

E
a

1 =
L X

L

E_

iand Ir = e
Using the values of voltage and impedance in the example, find:

ICC

IL =

(4 a; 2 a; Oa)

3. Remember that current flowing through resistance is in phase with
voltage, inductive current the applied voltage by 90', and
capacitive current the applied voltage by 90°.

leads

4. The following current vector diagram can be drawn. Current through
the resistive elements is in the ideal LC circuit example.

EA

tzero)

96
101
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ill \
5. As we did in parallel RLC circuits, we can algebraically add Ic and

I when pxpressed in rectangular form. This is the same as saying
tfat the/ capacitive and inductive currents are degrees
out of OWase and can be added by finding their differenceo '.'

(180T----

6. We must first write the th'ree types of current in rectangular.
notation for the example circuit. .

1 R

I =

IC =

(0 a + '0 a 0 a '2 a 0 a + '4 a)

The total circuit current can be calculated by adding.

I

R
= 0 a + JO a

I

L
= 0 a - j2 a

= 0 a +j4 a

IT 4.

(0 a + j2 a)

8. In this example, total current expressed in rectangular notation
can be easily converted to polar form. Therefcre, I.I. = 0 a + j2

in polar form becomes:

IT

97 1 Oi
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9. The total impedance can be calculated From Ohm's Law:

Z = a
T 1

T

(50 n / -90 )

10.

T
When the source of power is removed, current will continue to
circulate between L and C. (his effect is due to

--(The discharging of the capacitor and the collapsing field of
the inductor.)

11.

DAMPED WAVE

After the source of poWer is removed, the current will continue
to circulate backand forth between the inductor and capacitor
at a diminishing rate. This action is known as flywheel action
or flywheel effect. The damped wave is caused by the
pTesent in any practical circuit.

Resistance

1

98



P.3. Fourteen -IV

Ideal LC Circuit at Natural Resonant Frequency

As we will see in the following frames, the ideal LC parallel cir-
cuit displays unique properties when the inductive and capacitive
reactances are equal. The frequency of the applied voltage at which
X
L

equals X
C

is defined as the natural resonant ftequency of the
circuit.

12. in the circuit illustrated below, XL is equal to X.

EA 100v 25f )xL2511

Recall the equations for reactances:

0.159
X =

fC

X
L

= 21f1.

The frequency at which Xr = XL is defined as the
frequency a the circuit, and is denoted as fa.

---

(natural resonant)

19. If we change-the frequency from resonance, say increase it,
Xr and X, . In any .case, X no

lbriger equals Xt. 'A similar non-resonance phenomenbn occurs
if we decrease the applied frequency from f

o
.

t

decreases; increases

4.

1 Or;

99
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At
14. In the current vector diagram below, the inductive branch

current is to the capacitive branch current.

23n

IC

IL

2(agud1),

15. In the parallel LC circuit at the resonant frequency, lc and
1

L
are equal and vectorially plotted iq

directions.'

[Opposite

16. The total current calculated by vectorially adding lc and it
is

... (zero)
ti

I,

17. When a parallel LC circuit is operating at resonance, the
current flows from the capacitive branch to the inductive
branch at one instant, while at another instant cur-rent flows
from the inductive branch to the capacitive branch in the

direction.

(oposite)

100

0 4
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18. This alternating current appears as a loop-of current in the
tank circuit defined by ABCD,in the diagram.

A

-1-xc 25n )x
w.

B D

Eden though current flows in the tank circuit, the total cur-
rent flowing from the source is

(zero)

19.'At resonance IT 0, so the total impedance is infinite.
Solve the circuit in frame 18 for Z

T
.

Z
T
=

E
a 100 v
L 0 a

(Note: Any number divideby zero is actually an undefined
number. However, as current gets smaller and smaller, impedance
must be increasing, so that when current is zero, impedance must
have reached infinity.)

20e in review, the natural resonant frequency of an ideal parallel
LC circuit occurs when capacitive reactance
inductive reactance.

^1r

(equals)

IDIOS
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21. In practical electrical circuits, resistance is'always present.
This resistance changes the special characteristics of. resonance.
The extent of the changes depends on the ratio of thvinductive
reactances to the 'resistance. Recall that low-Q coils have a
relatively large resistance.

(effective)

22. A practical IC circuit,is shown in the diagram.

Recall that, with resistance in series With 1, the current flow-
ing through.the inductive branch is no longer 90° out of phase,
but lags voltage by a phase angle between and 90°.

(0°)
..roIM.rv

23. We represent this change in the phase angle inductive current,
as indicated on the vector diagram below.

EA

Right away, we expect the total s..irrent at resonance to be
, due to the presence of If.

(greater than zero)

102
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24. In the ideal parallel LC'circuit at resonance, IT is zero,
and the total -impedance is infinite. In a practical circuit,
if R is small, the total current (or I

L1NE
) is also small,

and ZT iv. not infinite but remain
v

Iraq!)

25._Recall that resonance occurs when the inductive reactance, X1,
is to the capacitive reactance, xd.

26. In the circuit example, assume that we h./e fix aLies of L
and, C. The reactive impedances are defined by the equatiOns:

X
L

= 2nfoL

X =
1

C 2wf
o
C

c.

In the resonant' condition, we can equate the two, XL = Xc,
and substitute:

2nf
0
L =

2nf C
0

The resonant frequency can be calculated from this equation,
using 2n = 6.28.

fo =

0.159

ICE

103 107
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27. If we now increase the applied frequency above fo, keeping all
other factors constant, XL and X

( increases; decreases)

28. Since X
L

is Greater than Xr, the current flowing through X
L

is than the capacitive current. Look at
E

Law (1 = -) for the solution.
L Xa

(smaller)

29. We can say, therefore, that when the applied frequency is
above f

o'
I

C
is larger than I

L
and the circuit appears

rcl_paci tiveI

30. If we decrease the applied frequency below flp, X
L

and Xr.

'(decreases; increases)

E E

31. From Ohm's Law, I

C,. X
= -2Land II --=1 . I is

C
IN X

L
L

than IC when the parallel LC circuit operates below resonance.
In this case, the circuit appears .

(larger; inductive)

1 0 .)

104
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32. Parallel resonant circuits are commonly used as filters to
select or reject narrow bands of frequencies. Based on what

you know about filters and parallel resonant circuits, which
of these is a bandpass filter?

1
4

IN

II
1

1
........

f,,, T
. ..

OUTc,

..t.

(A)

3 3 . choice A ,Is correct, for the parallel LC circuit has a high
Impedance at or near resonance only. At any frequency lower
than its lower f the signal is shorted through the Inductor
to .ground withoui developing a usable output voltage.

A signal at a frequency of 20,000 Hz useful at
is/is not

the output of a bandpass filter with the resonance cure shown?

30 KM
I

Z I

law f uPPer 6
211KHZ

to

3201M

(is not)

te.
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31.. Frequencies higher than the upper f.0 are bypassed through the
capacitor and again no usable output is developed. Using the
graph from frame 33, determine which component offers low
impedance to a frequency of 65 KHz?

Tthe capacitor)

e.

35. Because the impedance at (or near) resonance is high, an
output voltage develops across the tank circuit in this region,
and a graph of voltage versus frequency look's much like the
impedance curve.

What is the resonant frequency of the circuit whose output
is graphed here?

I
I
i

140
I i

Khz i I 1505KJiz
lower fce upper NI

--t eq _____),..

(1500 KHz)

36. A very common use for bandpass filters is the tuning circuit
used in a radio. Placing a variable capacitor in place of
the fixed capacitor allows the resonant frequency to be varied
so that one station will be received while all others are re-

jected.

What station (frequency) does this circuit select?

L = Imh, C = lOpf
1

(1590 KHz)

106
11!)
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37. A parallel LC circuit may also be used to eliminate an unwanted
frequency, such as interference to the picture of your TV. This
is done by wiring the circuit a little differently:

F-
-*OUT

Here, the voltage developed across the resistor (IR) is
at resonance because the impedance of the tank

maximum/minimum
circuit is

maximum5inimum

(minimum; maximum)

58. The circuit shown in frame 37 is a band reject filter, for it
eliminates of frequencies from the

one band/all but one band
output.

one band

YOU MAY NOW TAKE THE PROGRESS CHECK, OR YOU MAY STUDY ANY OF THE
OTHER RESOURCES LISTED. IF YOU TAKE THE PROGRESS CHECK AND ANSWER
ALL THE QUESTIONS CORRECTLY, GO TO THE NEXT LESSON. IF NOT,

STUDY ANY METHOD Of INSTRUCTION YOU WISH UNTIL YOU CAN ANSWER ALL
THE QUESTIONS CORRECTLY.

107
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SUMMARY

LESSON :V

Resonant Frequency in Parallel AC Circuits

To further your understanding of hc.4 components react to applied
fcequency,when connected in parallel, we will now idealize (dis-
regard all circuit resistance) a circuit containing a-capacitor
and a coil.

Consider first that I and lc
are 180° out of phase. Because
of this phase difference, they
cancel each other and the current -
drawn from the source equals the

X
difference between the two (IC - I

L
).

e3041

50 /00

IL Tri- 476r a tjC1:

50 /00

IC 313-77517 l'" a /+90°

0 - jl

I 0 + 11.66
IT .66a 0 + jo.66

IL 3011xt. son
50v la

1.66o

4161i .11mr..1

As you can see from the illustration, 1 amp of current passes back
and forth between the coil and the capacitor with the source supply-
ing the extra 0.66 amp to maintain lc at its Ohm's Law value.

Because of the transfer of energy between the two reactive devices,
total current is less than either lC or I

L
.

By applying Ohm's Law, we can solve for ZT.
E
a 50

ZT T. TV': 75.7Q
T

1 (,)
108 -
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Note that Z
T

is greater than either X
C

or XL. This is an important

aspect of a parallel LC circuit and we will discuss it further.

When the source of voltage is*removed, torrent will continue to circulate
between the inductor and the capacitor forming a damped wave. This

action is known as flywheel action or flywheel effect.

Circuits which contain inductance in parallel with capacitance are
called tank circuits. The current which flows within the.tank (back
and forth between the capacitor and the coil) is known as circulating.

current 0
CIR

) or tank current (I TANK). The current which the source
.

supplies is called line current (`LINE). Line current is merely

another name for 1

T'

By looking at accompanying
schematic and using a little
Imagination, you should be able
to determine I

LINE
and circuit

impedance. You can see that
X
L

= XC. This means that I

L
= IC .

Due to the 180° phase shift between the equal branch currents, there
Is a complete canceling effect and I

LINE
is ze ro.

IL . 4174750 r 1.5 a /-90°

150

C 100 /90°
1.5 a /4-900=

0 - j1.5
I

LINE 0 + J1.5,

0 JO

With line current known to be zero, circuit impedance can be computed
by Ohm's Law.

E 150
Z = -kr.= infinity ( = )

(Remember, this is an ideal situation.)

109 1Y d
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When these conditions exist:

X
C
= X

I

C
I

I.

I

LINE
= 0

=

the circuit is said to be at its atural resonant frequency.

Natural resonance always occurs when the frequency of the applied
voltage is such as to make X6 = Xc. This is true for both series
and parallel circuit).

Recall. that the formula used to find resonance in series circuits is

f I or 0.159
o

The same formula is used to find the resonant frequency of a parallel
network because we are looking for the sam/ circuit condition, XL = Xc.

In practical applications, ideal circus conditions can never be
achieved. The resistanCe present in t coil's windings upsets
the balance between current through e inductive and capacitive
branches.

The two currents are not exactly equal and opposite; therefore,
there is some line current drawn from the source.

A The dotted line (1
I.

) represents
what I would be under ideal con-

ic ditiont; the solid vector (If) re-
presents the actual current through

IIIR the inductive branch. Note that I.
is slightly less than lc and the tvlo

ILI i currents are not exactly 180° out

1 of Oise.

Cc
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Due to the resistance in the circuit, i increases from the

value of 0, and impedance decreases froWroa Rfinity to some finiO
value.

A more practical statement of Conditions at resonance of a parall
circuit is:

XL = XC

= minimum valueI

LINE

T
= maximum value

At the resonant frequency, a parallel LC circuit appears purely
resistive to the source (/O° = 0°) because the only current dra%:.
is due to the circuit resistance. If frequency is varied from
resonance, the reactances (X

L
and XC) are no longer equal.

When the applied frequency drops below fo, inductive reactance
decreases and inductive current increases.

At the same time, capacitive reactance increases and capacitive
current decreases.

Since the inductive current is the greater, the. circuit appears
inductive at frequencies below resonance.

When the applied frequency varies above the resonant frequency, ;1,-
dtictive reactance increases and inductive current decreases. Capacitive
reactance decreases and capacitive current increases.

Since capacitive current is the greater, the circuit appears capa-
citive at frequencies above resonance.

Remember, at resonance 1

LINE
is minimum and Z iss. maximum, so I

LINE

ZITTTICrease whethei frequency goes above or bet* resonance.

One use for this type of circuit is a band-pass filter. This filter
develops a significant voltage only if the applied frequency is
near its resonant frequency. In this way, we get a,circuit which
selects a ,very narrow band of frequencies and reject all others.
A variable capacitor is used to build a wively-used ttined circuit
for radio receivers:

antenna

1,W

tisladio
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The capacitance is varied to select the desired station while all
other frequencies fait to develop usable outputs.

,Wired like this,'the parallel LC network forms a band-reject filter:

AT THIS POINT YOU MAY TAKE THE LESSON PROGRESS. CHECK, OR YOU MAY
STUDY THE LESSON NARRATIVE OR'THE PROGRAMMED INSTRUCTION OR BOTH.
IF YOU TAKE THE PROGRESS CHECK AND ANSWER ALL OF THE QUESTIONS COR-
RECTLY, GO TO THE NEXT LESSON. IF NOT, SELECT ANOTHER METHOD OF
INSTRUCTION UNTIL YOU CAN ANSWER ALL THE QUESTIONS CORRECTLY.

112
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Overview

OVERVIEW

LESSON V

Effective Resistance in RL Parallel Circuits

Fourteen-V

\
In this lesson ydu will study and learn about the following:

-practical RL circuits

-solving fOr current

-effect of Q of a col in parallel"

RL circuits

BEFORE YOU START THIS LESSON, PREVIEW THE LIST OF STUDY RESOURCES

ON THE NEXT PAGE.
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Study Resources Fourteen-V

LIST OF STUDY RESOURCES

LESSON V

Effective Resistance in RL Parallel Circuits

To learn the material in this lesson, you have the option of choosing,p

according to your experience and preferences, any or all of the

following:

STUDY BOOKLET:

Lc -on Narrative

Programmed Instruction

Lesson Summary

ENRICHMENT MATERIAL:

NAVPERS 99400A-lb. "Basic Electricity, Alternating Current."

Fundamental of Elec.rOnic.. Bureau of Naval Personnel.

Washington, D.C.: U.S. Government Printing Office, 1965.

YOU MAY NOW STUDY ANY OR ALL OF THE RESOURCES LISTED ABOVE. YOU MAY

TAKE THE PROGRESS CHFCK AT ANY TIME. er

its
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NARRATIVE

LESSON V
0

Effective Resistance in RL Parallel Circuits

Practical 1L Circuits

Up to this point in parallel circuit analysis, we have con-
sidered the coil as ideal. In other words, we have assumed
that the coil was pUrely inductive, but in reality we knew this
to be untrue. A coil also has resistance -- the effective re-
sistance of the coil. When the effective resistance of a coil
is high in relation to XL, it cannotbe ignored.

Zi 100 AIL Z2 X

If the Q of a coil (1/ = 14 is
less than 10, the effective re-

1144fsistance must be taken into
10
0/consideration. The branch of

1 the circuit which contains the
IxL coil is no longer considered

purely inductive because, in
_r"effect, there is resistance in

series with the coil.

When a leg of the parallel network has both R and Xi, then I

through the leg no longer lags E by 900 as it does Tri a purely
inductive leg. The phase angle changes, and as with any series
RL circuit, the ohmic values of R and XL cannot be arithmetically
added to find the total impedance in the branch.

Before we can determine the current flow through this resistive-
reactive branch of tha network, it, is necessary to find total
impedance in the branch.

Remember that we can vector to find ZT in series AC circuits
only; however, the coil and the effective resistance are it
series in this branch of the parallel circuit.

Find Z of branch 2, or Z2, by vector addition.

Zi100 Le..11

I Roll Oa
! Z2 =7,

I

118°

--J

0
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Narratwe

impedance vector diagram:

Fourteen-V

As this is a 3i-4-5 triangle,

you know 72 100 ohms, and

= 53.1°.

RAM "I I

Solving for Current

Now we know that the impedance ill branch 2 is 100 ohms /53.1°.
We also know that because the coil and the effective resistance
Are in series, the same current flows through each one. Current
through 72 is determined as follows:

.E

1 a
72 72

100 /0°
1

n
(1emember Ea is the

72 100 /,3
.iv

refe-enee in
a parallel network.)

e

1

72
= 1 a /-53.1°

-

(Note: Hei-e we are saying. that the current in inductive

leg is lagging Ea by 53.1°. This makes sense because in a
purely inductivecircuit 1 lags E by 50°, but because we have
resistance in series with the coil, the phase angle has de-
creased from 90° to 53.1°.)

o Current through 7i is determined in this manner:
E
a.

1 =
Z1 R

Adding the Betnch Currents

100 v /0°
1 =
71 100 C170-5-

lzl = 1 a /V

To add the individual branch currents to obtain total
current, we.must express them in rectangular notation.

in 121



Narrative Fourteen-V

1

Z2
= 1 a 1-53.1° (polar)

1Z2 = .6 - j0.8 a (rectangular)

Adding I

Z1
and I

Z2
to find IT:

I

Z1
= 1.00 + JO

1

Z2
= 0.6 - j0.8 a

. Therefore: IT = 1.6 - j0.8 a

Now we have IT expressed in rectangular form.

ConstcuctirAjCzrrent Vector Diagram

/414 flit Loa i Since we know the values of re-
sistive and inductive current,
we can use the formula

I

TAN /0 = 1--
L
= T0.6-

8
. .5000.

R

.

In the trig tables, we find: /0 = 26.6°.

COS /0 = .8942
I

R
I

R
1.8 a.'Then CAS /0 - IT; transposed, I

T cos /0 or 'T .o9g2

An polar form, IT is 1.8 a /-26.6°

Relationship of Q in Parallel Circuits
. -

In'many applications of parallel networks, keeping power con-
. -

sumption at a minimum is important. The greater the Pt of a
given circuit, the more power consumed.

When Iffectivirasistance of a coil in a parallel,RL circuit
increases, then the power consumed increases. When the
circuit consumes more power, the inductor stores less power.
A low- Q'coil dissipates more power than one of equal inductance
with ahigh-Q, because the effective resistance is greater in
the lowQ coil .

As long as the Q of 4 cell remains 10 dr above, we need not
concern ourselves wiflOthe phase shift of the inductive leg be-
cause the effective resistance is negligible. However, if the
9,0f the coil rs less than 10, phase shift must be considered.
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For your purposes in this school, you will disregard the ef-
fective resistance of the coil unless otherwise directed.

AT THIS POINT, YOU MAY TAKE THE PROGRESS CHECK, OR YOU MAY
STUDY ANY OF THE OTHER RESOURCES LISTED. IF YOU TAKE THE
PROGRESS CHECK AND ANSWER ALL OF THE QUESTIONS CORRECTLY, GO
TO TOE NEXT LESSON. IF NOT, STUDY ANY METHOD OF INSTRUCTION
YOU WISH,UNTIL YOU CAN ANSWER ALL THE QUESTIONS CORRECTLY.
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PROGRAMMED INSTRUCTION

LESSON V

Effective Resistance in RL Parallel Circuits

THIS PROGRAMMED SEQUENCE HAS NO TEST FRAMES.

An inductor possesses both resistance and impedance. To simplify
calculations, we can represent the effective resistance of a coil
as a pure resistance in series with the coil. With the resistance
fi removed",.the impedance of the coil is again purely reactive and
its value is represented by XL.

1. In the parallel RL circuit shown, four major elements are
indicated although the actual circuit has only three parts --
voltage source, resistor, and

(inductor or coil)

2. R and XI are expressed in ohms. The effective resistance of
the coil is expressed in

(ohms)

3. To calculate voltage and current values for the parallel circuit
illustrated, we can start with the procedure developed in the
last lesson for circuits with purely resistive and inductive
branches. For the resistive branch, we calculate the branch
current according to the equation IR = , since
voltage is common and the voltage drop across the resistor
is equal to

E

Tra-, Ea.

124
120
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4.

Zi Z2

Rff Similarly, the voltage drop across
the reactive branch' is equal to

Xt the voltage.

(source)

5. Neglecting the resistive branch r a moment, we can solve for
current flowing through the inductive branch as if it were a

series circuit as shown. With
R
eff

and Xk, this is simply a
I.'

RI. circuit like you

studied in Module Twelve.

(series)/
6. Since R ff is shown to be in series with the coil, the impedance

of the Branch (Z2) must be equal to the sum of
R
eff

and X
L

.

1

t

(vectored)

-125
121
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7. You know the voltage drop across the resistive element is in
pease with the current. The voltage drop across the inductive
element is out of phase and current by 900.

- - --- -._

(leads)

8. Recall that in a series RL circuit we cannot directly add impedances
to obtain the total impedance of the circuit.. Z

T
must be obtained

by vector addition of and - .

Draw the impedance vector diagram for the inductive branch in the
-circuit illustrated and 'label the impedance and phase angle.

..

(R X
eff' XL

)

XL

9. Calculate the impedance and phase angle of the inductive branch
when Reff and Xl. are both 10 ohms.

Z2 =

/0 =

(14 c; 45

126
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10. The Impeaance of the inductive branch can be represented in
rectangular notaton as:

ohms.

(10 +

11. The same current, 12,
voltage of 100 volts,

E

I = (Impedance of
2 Z

a

2

flows through_XL_apd Raw For a source
we can solve for I2 using Ohms Law

the inductive branch).

When we divide 100 volts by 14 ohms to obtain we we must

consider the difference between voltage and
current.

(phase)

12. Remember that we are solving this branch for impedance and
current in order to ultimately solve the parallel RL circuit.
For the parallel circuit, E is the common reference and
therefore has a phase angle. Ea written in
polar form is

(zero; 100 v /0°)

1 27
123
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13. With E = 100 v /0° and ZT = 14 SI /45°, the current 12 flowing
througR the inductive branch is

(7.1 a /45°)

14. Recall that in a purely inductive circuit, voltage, leads
current by 90°. This is the same as current lagging vol-
tage by 90'.

For the inductive branch of the example circuit, we have found
current lags the voltage by 45°. This decrease in the

phase anitefrom-90"_ is caused by the in the
circuit.

(resistance of the Zotl or Reff)

15. Current flowing through the resistive branch can be calculated
directly from Ohm's Law.

1

100 v 0

30 777 2 a /V

1 2

121j
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16. For the parallel RL circuit, we have calculated the branch
current to be:

I

1

= 2 a /0°

1

2
= 7.1 a /-45°

To find the total current for the circuit, lv, we combine
1

1

and I

2
by addition since thi two currents

are out of phase.

lvector)

17. Since the branch currents are not 90° out of phase with each

other (11 = 2 /0°, I, = 7.1 /491 combining them-is a bit
more difficult. To combine these to currents they must first
be expressed in notati-

irectangularj

le. 1

1
written in rectangular notation is:

12 +

19. Branch current 12, consists of a resistive component (IR)
and a reactive component (1,). To change 12 from it's polar
form (7.1 /45) to rectangular form, follow the procedure
learned In Module Twelve, Lesson III.

resistive element (IR) es (Cosine /e) (Hyp)

reactive element (IL) = (SIN /6) (Hyp)

Convert 1

2
to rectangular notation

- 15)
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20. The procedure for adding the branch/CUrrent vectors can be
visualized from these diagrams.

Z'

step 2
/

step 1

20 Sa 242
11*1,. .

%

3

1. Convert I

1

and 1

2
from polar notation to rectangular,

notation.

2. Add I1 and 12 to determine the total current expressed
in rectangular notation.

3. Convert I

T
from rectangular notation to polar notation.

Solve the example problem for total current and express in
polar notation. IT =

----T$.6 a / -35.5°)

IF YOU DID NOT GET THE CORRECT ANSWER, GO TO FRAME 21. IF

YOU WERE CORRECT, GO TO FRAME 29.

21. From the diagram, branch current, Il, is in phase with the
common voltage and possesses a zero phase angle. The polar

representation, 11 = 2 a /00, can be directly written in
rectangular form. II =

----Tra JO)
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22. Converting 1, to rectangular notation is slightly more com-
plicated and best be visualized by looking at the drawing
showing one component in the standard direction and one com-
ponent in the direction.

1

- 1

1

(standard)

I -45)

7.1a

I
1

2
= 7.1 a /-45°

23. We can calculate tbe component values of the inductive branch
current (I

R
j11) by applying the trigonometric functions to the

vector diagram shown in Frame 20.

The resultant is represented by the current 12 (7.1 a /-45°).

To find the resistive value (1 )
'

apply the cosine function
1

Cosine =
1

2

by rearranging the equation we get

I

R
= Cosine 1

2

Cosine 1-45° = 0.707

I

2
= 7.1 a

Therefore, the resistive element of 12 =

COS [415' x 7.1 a or 5 a; Note: We are not attempting to
say that you vector current in a series circuit. We are
simply converting a vector representing that current from
polar notation to rectangular notation.)
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24. Similarly, the magnitude of I in the -j direction can be
.calculated from the trig relatioship:

SIN /0
inductive

=
12

Then, the inductive element of 12 =

\(sIN /-45° x 7.1 a or - j5 a)

2. 'Now we can write 1
2

in the rectangular notation.

12

- ;

(5 a- J5 a)

. 26. The total current for the circuit in rectangular notation Is
the sum of 1

1
and 1

2
.

1

1
= 2 a JO

I

2
= 5 a - '5 a

I

T
=

(7 J5 a)

27. Now that we have a value for 1 in rectangular notation, we
can convert to polar form usin trigonometric functions.

The /0 can be calculated using the tangent.

TAN /e =

From the trig tables:

/0

JL2,. 0.7143; -35.5°
7 a
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28. The magnitude of IT can be found using the equation for the
cosine of the phase angle:

IT

(8.6 a /-35.5°)

29. Recall that any coil contains some resistance. A 1212127Q

coil contains resistance or R
eff

than a 1,6Q .

coil.

A rule of thumb to follow is that if the Q of a coil is

greater than 10, the effective resistance is negligible
and can be considered

(lower; zero)

30. To prove 'the statement made in Frame 29. We will work a
problem first with a low Q coil, then in the following frame
replace it with a high-Q coil and rework the circuit.

1. Solve for Q

2. Z of branch 2

IRS
12 (polar)

lyt 4. 12 (rectangular)

14°1' 5. I

6. 1T

7. Z1

X
40

(1. Q rL -To- 1.33
eff .

2. Z2 = 30 + J40 = 50 Q /+53.1°

E 100 /0° v
3. I

2 Z2
= 2. =

50 /+53.1°
= 2 a 1-53.1°
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4. IR = (COS /0-53.11(12) IL = (SIN /-53.1°)(2)

(0.6004) (2) (0.7997) (2)

. 1.2 - j1.6

E
a

100 /0° 2 /0°

5. 1 a.. I. _8_,_
1 Zl 50 / 0

6. 11 = 2 + JO

'12.= 1.2 - j1.6

IT = 3.2 - j1.6 (REC)

3.58 /-26.6° a (polar)

E 100 /0° v
/4-26.6° )

7
L.

IT 3.58 /-26.6°
28 n

31. Replace the low-Q coil with a high-Q.

Solve for:

1. Q

---1 2. Z
2

=

ati
3.ii="P 3 1

2
(polar) =

XL
4. 1

2
(Rec)

t\I IA 100V

*I

40
(I. Q = = w-- = 10

"X

L

eff

6. iT

7. Z.I.

=

=

2. 22 = 40 0 /90° because with a high Q coil (XL ratio of ten or

more) the effects of Ref are negligible and
R
the branch can be

considered purely inductive and the resistance disregarded.

1,v
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4.

5.

6.

12

1

2

11

11

E 100 /0° v

= 2.5

Fourteen-V

/-90° a
X
L

TO 59a

2 pz. a

= 0 - j 2,5a
Ea 100 /0° v

= = s---=3r3-70 ri

= 2 + JO c

i2 a 0 j2.5 a

IT = 2 - j2.5 a ('sc.tangular)

Tan. r R
=

. 5 1 .25

Sin .1315

cos .6239

/6 51.4°

IT =
I R

2
= 74-23j. = 3.2 / -51,4° a (Polar)

cos /6
E 76-0 /0° V

'

z

T T. ' 372F7741.4. a 31.25 / 51.4° g

T

32. By examining the results computed for branch 2 in frame 31,
(you can see the Z2 is very nearly equal to
and /8 is quite close to The effects of R

eff
are

negligible so the branch can be considered purely

TXL"90 inductive)

YOU MAY NOW TAKE THE PROGRESS CHECK, OR YOU MAY STUOY ANY OF THE
OTHER RESOURCES LISTED. IF YOU TAKE THE PROGRESS CHECK AND ANSWER
ALL THE QUESTIONS CORRECTLY, GO TO THE NEXT LESSON. IF NOT,
STUDY ANY METHOD OF INSTRUCTION YOU WISH UNTIL YOU CAN ANSWER ALL
THE QUESTIONS CORRECTLY:

it 3 5
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SUMMARY

. LESSOR V

Effective Resistance in.RL Parallt1 Circuits

In Module Thirteen you were introduced to effective resistance
and its effect on the operation of a coil. The R of the coil

acts as a resistance in series with a pure inductSnce and reduces the
inductive phase angle froM the ideal 90° to something less than this
de-ending on the value of Reff in respect to Xi

If the ratio of X
L

must
R (Q) is less than 10, the effect of
eff

Re
ff

*cm circuit action t oe takenInto consideration. For example:

100v

r

1

In this circuit, the effective re-
sistance of the toilis represented
as a resistor in series with the
coil. The effect of this series

Reif resistance increases the impedance

ton
of the inductive branch and reduces
the phase angle from the ideal 90°.

600

The impedance of the resistive branch is equal to the value of the
resistor (2, = 1000). The impedance of the inductive branch is
Z
2
= 10 j60 or On /80.6°.

The branch currents can now be computed by Ohm's Law:

100v
I = = 1 a /0° I =

100v
= 1.64 a 1-80.6°

1 1000 . 2 610/80.o-

Before the branch currents can be added, the must be converted from
291 ar orm t.. rectangu ar orm.

branch one current = 1 /0° = 1 + JO

Branch two current = 1.64 /-80.6° = 0.268 - j1.61

Total current = 1. + JO
0.268 - 11.61
1..268 - 11.61

136
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Total circuit current and circuit phase angle can now be found by
converting the rectangular representation for It to polar form.

I

T
= 2.15 a 1-51.8°

Recall that Q is determined by the ratio of
X

within the coil; Q = Rte. A coil with a low
low Rand therefore cannot be regarded as a

reactance to resistance

XI to R fs ratio has a
Ore inSUCtance.

As long as the Q of a coil remains 10 or above,-the effective re-
sistance is considered negligible and the shift ina in the

inductive branch need not be considered. If the lof the coil is
below 10, however, the effect of its resistance on the circuit is
significant ang must be considered.

AT THIS POINT, YOU MAY TAKE THE LESSON PROGRESS CHECK, OR YOU MAY
STUDY THE LESSON NARRATIVE OR THE PROGRAMMED INSTRUCTION OR BOTH.
IF YOU TAKE THE PROGRESS CHECK AND ANSWER ALL OF THE QUESTIONS
CORRECTLY, GO TO THE NEXT LESSON. IF NOT, STUDY ANOTHER METHOD OF
INSTRUCTION UNTIL YOU CAN' NSWER ALL THE QUESTIONS CORRECTLY.
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Overview Fourteen-VI

OVERVIEW

LESSON VI

Parallel Resonance Experiments

In this lesson you will conduct some experiments with 3 parallel

RCL circuit operating at a range of frequencies including the

resonant frequency.

You will require:

-NEAT Board 8

-Audio Signal Generator

-Multimeter

You will perform the following experiments:

- determining fo by
ILINE

- determining fo by lc and IL

effects of changing 1

- effect of f
o
of varying C

BEFORE YOU START THIS LESSON, PREVIEW THE LIST OF STUDY RESOURCES

ON THE NEXT PAGE.

139
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Study Resources FourteenVI

LIST OF STUDY RESOURCES

LESSON VI

Parallel Resonance Experiments

Since this lesson consists of experiments, there is only the narrative.

There are no other study resources and no.progress checks.,

TURN THE PAGE AND BEGIN THE NARRATIVE.

X40
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NARRATIVE

LESSON VI

Parallel Resonance Experiments

For this set of experiments you need NEAT Board 8, a signal
generator, and your multimenter.

Observe that the NEAT Board has three parallel branches. We will use
only the capacitive and inductive branches for our experiments. Also
observe that in the inductive branch, by changing S-803, we have an
option of adding one of three different valued resistors or of not
having any resistance in series with the inductive leg.

The basic circuit for the experiments looks like this:

Notice that ammeter connections are indicated for I , 1r, and
1

L.'
Your meter leads will be connected in the commbrtestwpoints

T., 806 and 807 on the NEAT board, and the setting on S-802 will
atermine which current measurement is being taken. For example,
if S-802 is in the M-{meter) 801 positron, you wilt be reading
line current as indicated by the meter face M-801.

No perform the experiments.

step 1. Setting up NEAT Board

1. Set S-801 to the ON position.

2. Set S-806 to position A.

3. Set S-802 to M-801 position

4. Set S-803 to position A.

5. Set S-804 to the OFF position.

138
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Step 2. Setting Up Audio Signal Generator

1. Put band selector in position C.

2. Select sine wave position.

3. Turn frequency control all the way counterclockwise.

4. Turn amplitude control all the way clockwise.

5. P'74 in signal generator and turn on power switch. (The

red power-available light should glow.) Allow a few
minutes for warm-up

6. Connect test leads to output jacks (black to bottom
terminal).

7. Insert other end of test leads to NEAT board terminals
T
P

-802 and T
P
-803 (black to T

P
-803).

Step 3. Setting Up Simpson 260

1. Set up Simpgon to read DC current on 10 ma scale.

2. Insert test leads from Simpson to terminals T -806 and
T
P
-807 (black to T

P
-806). P

,..,...,-

- Experiment 1 - Determining fo by rLINE

Step 1. Slowly raise the frequency control of the signal generator
and observe the current reading on the meter.

Step 2. By manipulating the frequency control, tune the signal
generator to the. frequency where line current is
minimum and keep it there. This is fo.

What does the range dial indicate resonant frequency to
be?

If fropency is varied above or below fo, does 'LINE in-
crease or decrease?

Notice fo is approximately 4;2 KHz. 1L increases when applied
frequency varies either above or below fo.

339142
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Experiment 2 - Determining ft:. by It and IL

Step 1. Switch :;-802 to M-802 position. You will now be reading
IC.

Record reading

Step 2. Switch S-802 to M-803 position. You will now be reading

IL.

Record reading

What condition exists when I

L
equals IC?

What other circuit quantities must be equal in
order for IL to equal IC?

1

C
= approximately 3.47 ma

I

L
= approximately 3.47 ma

When I

L
and IC are equal, resonance exists.

In an ideal tank, if IL equals lc, then XL equals XC.

Experiment 3 - Changing Q

Step 1. Put S-802 back to the M-801 position. You are
reading IIINE again. Tune signal generator again to
ensure yo are still at fo.

Step 2. While switching S-803 from position A to position B,
C, and D to add different values of resistance, note
the meter reading at each position.

Has I

LINE
increased or decreased?

In what position is resistance greatest?

In what position is Q lowest?

In what position is !LINE greatest?

314 3
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increased.1
LINE

Resistance is greatest in position D.

Q is lowest in position D.

'LINE
is greatest in position D.

Step 3. Place S-803 back to position A.

Experiment 1* - Changing f
o

by Varying Capacitance

O.P

Step 1. Place S-806 in position B.

Step 2. This places variable capacitor C-801 in the circuit.
Turn C-80I fully counterclockwise.

Step 3. Adjust signal generator until 'LINE is minimum.
What is new fo?

o

Step . Adjust C-801 to center or midrange position.

Step 5. Adjust signal generator until !LINE is minimum.
What is new f

o
?

Step 6. Adjust C-801 fully clockwise.

Step 7. Change the band selector on the signal generator to band D
and adjust the frequency control for minimum line current.

Step 8. Record new fo

13.5 KHz; 18 KHz; 25 KHz

NOTE: When adjusting for minimum (LINE, down scale multimeter
as you approach 0 lute.
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When you decreased capacitance did you cause Xc to
increase or decrease?

When X changed, did 1 increase or decrease?

Why did you have to raise frequency to reach a new
f
o
?

X increased

decreased

The decrease in capacitance caused the circuit to resonate at a
higher frequency.

TURN SIGNAL GENERATOR OFF. UNPLUG ALL TEST LEADS. UNPLUG SIGNAL

I GENERATOR.

Return the NEAT board and signal generator to the materials center.

Study the resonant characteristic curve for a parallel circuit
shown below. Now does it compare with your results?

A
110

HIGH Q

a

HALF
POWER
POINTS

LOW Q

FREQUENCY

AT THIS POINT, SEE YOUR LEARNING SUPERVISOR FOR WAINER INSTRUCTIONS.

1.11"-
342 '`)
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fune-
9. 10oor (1. 0°

i

9

10

11

12

sin
cos
tan

sin
cos
tan

Sin

cos
tan

sin
cos
tan

sin
4.4.1s

0.0000 0.0017
1. 0000 1. 0000
0.0000 0.0017

O. 0175
0. 9998
O. 0175

0, 0349
0.9994
0. 0349

0. 0523
0. 9986
0. 0524

0. 0698
0. 9976
0. 0699

0. 0872
0. 9962
0..0875

0. 1045
0. 99..5
O. 1051

O. 1219
O. 9925
0, 1228

0. 1392
.0. 9903
0. 1405

0. 1564
O. 9877
O. 1584

0. 1736
0.9849
0. 1763

0 1908
0. 9815
0. 1944

O. 2079
O. 4781
O. 2126

0. 0192
0. 9998
O. 0192

0. 0366
0. 9993
0. 0367

0. 0541
0.9985
0. 0542

0.0715
0. 9974
0. 0717

0. 0889
0. 9960
0. 0892

0. 13;63
0. 9943
0. 1069

0. 1236
0. 9923
0. 1246

0. 1409
0. 0900
0. 1427

0. 1582
0. 9874
0. 160:

0. 1754
0. 9845
O. 1781

0. 1925
0.9813
O. 1962

0. 2096
0. 9778
O. 2)44

0. 22:0 O. 22(.4'

0. 0:e.,8
0.9984
0, 0559

0. 0209
0. 9418
0. 0209

0. 0 384
0, 9993
0. 0384

0, 0732
0. 997 3
0. 0734

O. 0006
0. 9959
O. 0910

0, 080
0. 9942
0. 1086

0. 1253
0. 9921
0. 1263

0, 1426
0. 9898
0, 1441

0. 1599
0. 9671
0. 1620

0. 1:71
0. 9842
0. 1799

0. 1942
0. 9810
0.:980

0.2113
0. 9774
0 :162.

0. 2° O. 3° 0 4°

0.0035 0.0052 0.0070
1, 0000 1. 0000 1, 0600
0.003: 0.0052 0. 007 0

0. 0227
0. 9997
0. 0227

0. 0401
0. 9992
0. 0402

O. 0576
O. 9983
0. 0577

O. 0750
0. 9972
D. 0752

0. 0974
0. 9957
0. 0928

0. 1097
0, 9440
0. 1104

0. 12's 1
0. 9919
0. 1281

0. 1444
O. 9895
0. 1459

0. 1416
0.7369
0. 1638

O. 1798
0. 9339
0. 1817

0. 1959
0. 9606
0. 1998

0. 4130
0.9170
0. 2!80

0. 029 4
0. 9997
0. 0244

3. 0419
0, 9901
0. 041 9

O. 059 3
0, 9942
0. 0594

0. 076 7
0..9971
0. 0769

O. 094!
O. 99%
O. 0945

0. 1115
O. 9938
0, 1122

O. 123$
0. 9917
0, 1299

0. 1461
0. 9893
0. 117:

o.1631
O. 9Ci.,6
0, U.55

0. 1805
0. 083f.
0. 1835

0. 1177
0. 9803
0, Z016

0, 2147
0. (''t r.,7
0, :109

0 2284 C. 21,16 0 2114.

[

u. 4° 0. 6° 0. 7° 0. 13* 0. 90

0.0047 0.0105
1. 0000 0. 9999
0.0087 0. 010 5

0. 0262
0. 9e:97
0. 0262

9. 0436
0. 9990
0. 0437

0.0610
0. 9981
0. 0612

0. 0785
0. 9969
0. 0747

0. 0059
0. 9954
0. 09o3

0. 1132
0. 0936
0. 1139

0. 1305
0.9914
0 1317

O. 1478
O. 9:.,00
0. 1405

0. 16S0
se0. 9063

0. 1673

0.83.:2
O. 9333
O. 1853

0. 1994
0. 1799
0. 2035

v. 2:t 4
0 976.1
O. .t.:17

O. 0279
0. 9996
0. 0279

0. 0454
0. 9990
4. 0454

0. 0628
O. 9980
0. 0629

0. 0802
0. 9949
0. 0805

0. 0976
0. 99 52
0. 0981

O. 1149
0. 9934
O. 1157

G. 1323
0.9912
0. 1334

O. 1495
0. 9888
O. 1512

0. 1668
O. 986 3
0. 101

0. 1810
0. 9820
0. 1871

0. 2Q11
0. 9196
0. 2053

0. 2181
0. 9759
0. 2235

0.0122
0. 9999
O. 0122

O. 0297
0, 9996
0. 02 97

0.047;
0. 9989
0. 0472

0. 0645
0. 9979
0.01.47

0.0819
0.9966
0. 0822

0.0993
0.9951
0. 0993

0. 1167
0. 9932
0. 1175

0. 1340
0.9910
0.1252

O. 1513
O. 9885
O. 1 530

O. 16 85
0.9857
9. 1760

0. 1957
0. 9826
0. 1890

0. 2028
0. 9792
0. 2071

O. 2198
0.9755
0, 22 54

0.0140
0. 9999
O. 0140

0. 0314
0. 9995
O. 0314

0. 0488
0. 9988
0. 0489

0. 066 3
0. 9978
0. 0664

O. 0837
0. 9945
0. 0840

O. 1011
O. 9949
0. 1016

0. 1184
0. 0930
0. 1192

0. 1357
0. 9907
0. 1370

0. 1530
0. 9882
0. 1548

0. 1702
0. 9854
0. 1727

0.3874
0. 923
O. 1008

O. 20410
O. 9739
0. 2089

0,2215
0. 9751
0. 2272

0.015,
O. 9999
0.0157

O. 0332
O. 9995
O. 0332

0. 0506
O. 9987
0. 0507

0. 0680
0. 9977
0. 0682

0. 0854
O. 9963
O. 0857

1

0. 10281
9. 9947
0. 1033

O. 1201
0.9928
0. 1210

O. 1 374
0. 9905
0.1388

0. 1547
0. 9880
0. 1566

0. 1719
0 9851
0. 1745

0. 1691
0.9820
O. 1925

0. 2042,
O. 97351

-10. 210

0. 22321
0 974$:
0.:2901

. 2314 O. 2351 0.2 365 O. 2385 O. 2402
0.9744 0.97W 0.97:.6 O. 9 n: 0.4 f . . 0 ..124 0.9720 0. 47! 0,9711 0.9707(

tan 0. 2309 ..p. 2327 0, 2345 0, 2 ;;..4 - 231,2 0 Z 401 O. 2419 0. 24 1:1 0..456 0.i:4"
-rfiev.-T
e, t14.,n O. 0° O. 10 0 Z' 0 3.:* r .0 0. r° O. 6° 0. 7° 0. 8° 0.9°
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func-
Lion 0, 0 0. 1 0. zo 0. 3° 0. so 0. 6° 0. 7° .0. so 0. 96

in 0.2419 0.2436 0.2453 0.2470 0. 2487 0. 2504 4.2521 0.:338 0. 2554 0.2371
:4 cos 0.9703 0.9699 0.16-74 0.9690 0.9686 0.9681 0.9677 0.9673 0.9668 0.9664

tan 0. 2493 0. 2512 0.2530 0.2549 0. 2568 O. 2586 0. 2605 0, 2623 0. 2641. O. 2661

17

IS

19

sin 0.2588 0.2605 0.2622 0.2633 0.2656 0.2672 0.2689 0.2706 0. 272 3 0.2740
cos 0.9659 0.9655 0.9650 0.9646 0.9641 0.9636 0.9632 0.9627 0.9622 0.9617
tan 0.2679 0.2698 0.2717 0.2.736 0.2754 0. 277 3 0.2792 0.2811 0.2830 0.2849

sin 0.7756 0. 2773 0.2790 O. 2807 0. 2823 O. 2840 0. 2857 O. 2 874 O. 2890 0. 2907
cos 0.9613 0.9608 0.9603 0.9598 0.9593 0.9588 0.9583 0.9578 0.9573 0.9568
tan 0.2867 0.2886' 0.2905 0.2924 0.2943 0.29o2 0.2981 0.3000 0.3019 0.3038

sin
cos
tan

O. 2924
0. 9563
0. 3057

0. 2940 0.2957 0.2974 0.2990 0.3007 0. 3024 0. 3040 0. 3057 0. 3074
0.9558 0.953 0.9548 0.9542 0.9537 0.9532 0. 9 527 0.9521 0. 9 516
0. 3076 0.3096 0.3115 0. 31 34 0. 3153 0. 3172 0.3191 0.3211 0. 3230

sin 0. 3090 0. 3107 0. 3123 O. 3140 0. 3156 0. 317 3 0. 3190 0. 3206 0. 322 3 0. 3239
cos 0.9511 0.9505 0.9500 0.9494 0.9489 0.9483 0. 9 478 0.9472 0.9466 0.9461
tan 0. 3249 0. 3269 0.368 0.3307 0. 3327 0. 3346 0. 3365 0. 3385 0. 3404 0. 3424

sin 0:3256 0.3272 0.3289 0.3305 0.3322 0.3338 0.3355 0.3371 G.3387 0.3404
cos 0.9455 0.9449 0.9444 0.9438 4.9432 0.9426 0.9421 0.9415 0.9409 0.9403
tan 0. 3443 0. 3463 0. 3482 0. 3502 0. 3522 0. 3541 0.3561' 0. 3581 0. 3600 0. 3620

sin 0. 3420 0. 3437 0.'3453 0.3469
20' CO* 0.9397 0.9391 0. 938 5 0.9379

tan 0. 3640 0. 3659 0.3679 0. 3699

0. 3486 0. 3502 0. 3518 0. 3535 0. 3531 0. 3567
O. 9373 0. 9367 0. 9361 0. 9354 O. 9348 O. 9 342
0.3719 0.3739 0.3159 0.37.9 0.3799 0.3819

sin 0.3584 0. 3600 0.3616 0. 3633 0. 3649 0. 3665 0. 3681 0. 3697 0.3714 0. 3730
cos 0.9336 0.9330 0. 932 3 0.9317 0 9311 0.9304 0.9298 0.9291 0.928 0.9278
tan 0.3839 0. 3859 0.3879 0. 3899 0.3919 0.3939 0.3959 0. 3979 0. 4000 0. 4020

sin * 3746 0. 3762 0: 3778 0. 3795 0:1811 0. 3827 0. 3843 0. 3859 0. 3875 0. 3891
22 cos 0. 9272 0.9265 0.9259 0.9252 0.9245 0.9239 0.9232 0.9225 0.9219 0.9212

tan 0. 4040 0. 4061 0. 4081 0. 4101 0. 4122 0. 4142 O. 4163 0. 4183 O. 4204 0. 4224

sin 0. 3907 0. 3923 0. 3939 0. 39 55 0. 3971 0. 3987 0. 4003 C. 4019 0. 4035 0. J051
23 cos 0.9205 0. 9198 0 9191 O. 9184 0. 9178 0. 9171 O. 9164 0. 9157 0.9150 0, 9143

tan 0.4245 0. 426 5 0.4286 0.4307 0.4327 0. 1' 18 0.4369 0.4390 0.441! 0.4431

sin 0. 4067 0. 4083 0. 4099 0. 4115 0. 4111 0. 4147 0. 4163 0. 4179 O. 419 5 O. 4210
cos 0, 91 35 0.9128 0.9I21 0.9114 0.9107 0.9I00 0.9092 0.9085 0.9078 0.9070
tan 0.4452 0.4473 0. 449 4 0.4515 0.4536 0.4557 0.4578 0.4599 0.4621 0.4642

sin 0. 4Z26 0. 4242 0. 4258 0. 4274 0, 4289 0. 4305 0. 4321 0. 4337 0. 4352 0. 4368
cos 0.9063 0.9056 0.9048 0.4041 0.903: 0.902b 0.9018 0.0011 0.9003 0.8996
tan 0. 4663 0. 4684 0. 4706 0. 4727 0. 4743 0. 4770 0, 4791 0. 4813 0. 4834 0. 4856

sin 0. 4384 0. 4399 0. 441 5 0. 4431 0.444( 0.446.: 0.4478 0.4493 0. 4509 0.4524
cos 0.8988 0. 8980 0.6973 0. 896 5 0.8957 0. 8949 0.5942 0. 8934 0.8926 0.8915
tan 0. 4877 0.4899 0.4921 0. 45 42 O. 4%4 0.4986 0.5008 0.5025 0.3051 0.5073

sin 0, 4540 0. 4555 0. 4571 0. 4584 0. 4612 0 4617 0: 4633 0. 4640 0. 4664 0. 46i9
cos 0, 8910 0. 8902 0. 8894 O. SfiSo 0. 070 O. 337 0 0 13862 0. 8854 0. 8846 0. 80 38
tan 0, 5095 0. 5117 0. ;139 0. 3161 0. 5184 O. 5.101+ 0. 5228 O. 5250 0. 5272 0. 5295

func-
tion 0. 0° 0; 1° 0. 20 0. 3° O. 4° G. Sn 0.6° 0 7° 0.14, 0. 9°1

1.1 ?
2144



Appendix

eq tion

Mn
28 cos

tan

rain
29 cos

:an

sin
30 cos

tan

sin
31 cos

tan

sin
32 cos

tan

sin

33 cos
1 tan

i.

sin
'34 cos

tan

sin
35 cos

tan

sin
36 cos

tan

sin.
37 cos.

tan

sin
38 cos

tan

sin
cos-
tan

Sin
cos
tan

Fourteen

0. 00 o. 1° 0.2° 0.3° 0.4° . 0. 5° 0.6° 0.7°

0. 4693
0. 8829
0. 5317

0. 4848
0. 8746
0. 5543

0. 5000
0. 8660
0. 5774

0. 5150
0, 8572
0. 6009

0. 5299
0. 8480
0. 6249

0. 5446
0. 8387
0. 6494

0. 5592
0. 8290
0. 67 45

0.5736
6. ein.
0. 7002

0. 5878
0. 8090
C. 7265

0, 6018
0. 7986
O. 7536

0. 61 57
0. 7880
O. 1813

0, 6293
O. 7771
00 3098

0, 6428
0. 7660
O. 8391

O. 4710
O. 8821
0. 5 340

O. 4863
0. 87 38
0. 5566

0. 5015
0. 8652
0. 5797

O. 5165
0. 8563
0. 6032

0. 5314
0. 8471
O. 6273

0. 5461
O. 8377
O. 6 519

0. 5606
0. 8281
0.6771

0. 57 50
C. 8181
O. 7028

0. 5892
0. 8080
0. 7292

0. 6032
0. 7976
O. 7563

O. 6170
0. 7869
O. 7841

0. 6307
0. 7760
0.8127

0.6441
O. 7649
0. 8..21

sin 0.6561 0. 6574
cos 0.7547 0.7536
tan 8.8693 0.8724

bine -
non 0. 0°

O. 4726
O. 8813
0. 5362

0. 4879
O. 8729
O. 5589

0. 5030
0. 8643
0. 5820

0. 5180
0. 8554
0. 6056

0, 5329
0. 8462
C. 6297

0. 5476
0. 8368
0. 6 544

0. 5621
0. 8271
0. 6796

0. 5764
O. 8171
0. 7054

G. 590E.
0. 80.70
O. 7319

0. 6046
O. 7965
0. 7590

0 ;6184
0. 7859
0. 7869

0. 6320
0. 7749
O. 8156

0. 6453
0. 7638
0. 8 :51

0. 6 587
0.7524
O. 8754

0. 4741
0. 8805
0. 5384

0. 4894
0. 8721
O. 5612

0. 5045
O. 8634
0. 5844

0. 5195
0. 85< 5
0.6080

0. 5344
0. 8453
0. 6322

0. 5490
0. 8358
O. 6569

0. 5635
0. 8261
O. 6822

0. 5779
0. 8161
0. 7080

0. 5920
0. 8059
0. 7 346

0.6060
O. 7955
O. 7618

0. 6198
0. 2848
O. 7898

O. 6334
0.7738
0, 8185

0. 6466
0. 7627
0. 8481

0. 4756
0. 6796
0. 5407

0. 4909
O. 8712
0. 56 35

0. 5060
0. 8625
0: 5867

O. 5210
0. 8536
O. 6104

0. 5358
0. 8443
0.6346

0. 5505
0. 0343
O. 6594

0. 5650
0, 8251
0. 6847

0. 5793
0. 8151
O. 7107

0. 477a
0. 8788
0. 5430

0. 4924
0. 8704
0. 5658

0. 507 5
O. 8616
0. 5890

0.1225
0. 6526
0. 6128

0. 5373
0. 8434
0.6311

0. 5519
0. 8339
0.6619

O. 5664
0. 8241
0. 6873

0. 5807
0. 8141
O. 7133

0. 5934 0.5948
0. 8049 0. 8039
0.7373 0. 7400

0. 6074
0. 7944
O. 76'6

'0. 6211
0. 7837
0. 7926

0. 63.17
O. 7727
v. 8214

0. ;'..481
n. ?t15
V. 8511

0. 6088
0.:934
0. 7673

0. 6225
0. 7816
0. 7954

0.6361
O. 7716
O. 8243

A. 6494
0. 7004
0. 8541

0. 4787
0. 8780
0. 5452

0. 4939
0. 8695
0. 5661

0. 5090
0, 8607
0, 591 4

0. 5240
0.8517
0. 6152

0. 4802
0. 8771
0. 547 5

0. 4955
0. 8636
0. 5704

0. 5105
0.8599
0. 5938

0. 5255
0. 8508
0. 6176

0. 5388 0. 5402
0. 8425 O. 8415
0.6395 0.6420

0. 5534 0. 5548
0.8329 0.8320
0. 6644 0. 6669

0. 567 8
0. 8231
0. 6899

0. 5821
O. 8131
O. 7159

0. 596 2
0. 8028
0. 7427

O. 6101
0. 7923
0. 7701

0. b239
0. 7815
0. 79$ 3

0. 631 4
0. 770 5
O. 827 3

0. 6508
0. 759 3
0. 857 I

0. 5693
0. 8221
0. 6924

0. 5835
0. 8121
0.7186

0. 5976
O. 8018
0. 7454

O. 6115
O. 7912
0. 7729

0. 6252
0. 7804
0, 8012

0. 6388
O. 7694
O. 8302

0.6521
0. 7581
0. 8601

0. 6600 C. 6613 0, 0626 0. 6639 0. 6i.,52
0. 7513 0 7 301 0. 7416 0. 7478 0. 71c6
O. 8735 re as h 0. S847 0 3878 0. 9°10

0. 1° 0_2'

0. 8° 0. 9°

O. 4818
O. 8763

O. 4833
O. 87 55

0. 5498 0. 5520

0. 4970 0. 4985
0. 8678 0. 8669
0. 5727 0. 5750

0. 5i20 0. 51 35
0. 8590 0. 8 581
0. 5961 0. 5985

O. 5270 0. 5284
0. 8499 0. 8490
0. 6200 0. 6224

0. 5417 0. 5432
O. 8406 0, 83%
O. 6445 O. 6469

6. 556'3
0. 8310
0. 6694

0. 5707
0.8211
0. 6950

0. 5850
0. 81 11
0.7212

O. 5990
O. 8007
0. 7481

0. 6119
0. 7902
0.7:57

O. 6266
O. 779 3
0. 8040

0. 6401
O. 7683
O. 8332

0. 6534
0. 7570
0. 81.32

0. 5577
0. 8300
O. 6720

0. 5721
0. 8202
0. 6976

0. 5864
0. 8100
O. 72 39

O. 6004
0. 7997
0. 7508

0. 614'3
O. 7891
0. 7765

0.6280
0. 77821
0, 8069

0.6414
0. 7672
O. 8%1

0. 6547
0. 7 559
0. 86o2

0.0665 0.6678
0. 7455 0. "443
0. 8941 0.'6)72

C. 3.° _O. 40 o. 5° 0.6° 0. 7° o.. 80 o. 90

148
5



Appendix

func-
tion 0. 00 0. 1°

sin
COS
tan

sin
cos
tar.

s:n
1,0S

t110

sin
cos
tan

sin
COS
tan

in
C00
tan

sin
cos
tan

sin
COS
tan

sin
COS
tan

in

COS
tan

func-
tion

0.6691 0.6704
0.7431 0.7420
0.9004 0.9036

0.6820 0. 6 833
0.7314 0.7302
0.9325 0.9358

0.6947 0.6959
0 7193 0.7181
0.9657 0.9691

-40.7071 0.7083
0.7071 0.7059
1.0000 1.0035

0.7193 0.7206
0..6947 9.1.934.
1.0355 1.0392

0.7314 O. "325
0.6820 4.6807
1. 0724 1.0761

0.7431 0. 7 443
0.6691 0.6678
1. 1106 1. 1145

O. 7547 0.7559
0.6561 0.6547
1. 1504 1. 1544

0.7660 0.7b72
0.6428 0.6414
1.1918 1.1960

0.7771 0.7782
0.6293 0.6280
1. 2 349 1. 2393

0.7880 0.7891
0.6157 0. 61 43
1. 2799 1. 2846

0.798o 0. 79 97
O. 6018 0. o004
1. 3270 1. 3319

O. 8090 O. 8100
0.5878 0.5$,64
1.3764 1.3814

0. 8192 O. 8202
0.573o O. 5721
1. 4231 1. 4335

o. o. 1

Fourteen

0. 2° 0. 3" 0.4° 0.5° 0.6° 0.7° 0. 8° 0. 9°

0.6717 0.6730 0.6743 0.6756 0.6769 0.6782 0. 6794 0. 0807
0.7408 0. 7 396 0.7385 0.7373 0. 7361 0.7349 0.7337 0. 7325
0.9067 0.9099 0.9131 0.9163 0.9195 0.9228 0. 9260 0. 9293

6845 0.6858 0.6871 0.6884 0.6896 0.6909 0:6921 0. 6934
0.7290 0.7278 0. 7266 0.7254 0.7242 O. 7230 O. 7218 0. 7206
0.9391 0. 9 42 4 0. 157 0.9490 0.9523 0.9556 0.9590 0. 9S2 3

O. bin 0.6984 0.6997 0.7009 0.7022 0. 1034 0. 7046 O. 7059
0.7169 0.7157 O. 7145 0.7133 0.7120 0. 7108 0. 7096 0. 7083
0.9725 0.9759 0.9793 0.9827 0.9861 0. 9896 0. 9930 0. 9965

0.7096 O. 7108 O. 7120 0.71:3 0. 7145 0.7157 0.7169 O. 7181
0. 7046 0.7034 0. 702« 0.7009 0. 6097 0.6904 0. 6972 O. 6959
1.0070 1.0105 1.0141 1.0176 1. 0212 1. 0247 t. 0283 1. 0319

0.7218 0.7230 0.724? 0.7254 0.7266 0.728 0.7290 0. 7302
0.6921 0.6909 0.6896 0.6884 0.6871 0.6858 0.6845 0. 6833
1.0428 1. 0464 1. 0501 1, 0538 1. 0575 1. 0612 1. 0649 1. 0686

0.7337 0.7349 0. 7 361 0.7373 0.7385 0.7396 0.740E 0. 7420
0. 6794 0.6782 0.6769 0.6756 0.6743 O. 6730 0. 6717 0. o":04
1. 0799 1. 0837 1. 0875 1. 0913 1. 0951 1. 0990 1. 1028. 1. 1067

O. 7455 O. 7466 O. 7 478 0, 7 490 O. 7501 0.7513 0.7524 O. 7536
0. 666 5 0.6652 0.6639 0.6626 0. 661 3 0. 6600 0. 6587 0. 6574
1 1184 1. 1224 1. 1263 1. 1 303 I. 1343 1.:383 1. 142 3 1. 1463

O. 7570 0. 7581 O. 7593 O. 7604 0. 7t 15 0. 7627 0. 7638 7649
0.6534 0.6521 0.6503 0. 6 494 0.6481 0.6468 0.6455 0. 6441
1. 1585 1. 1626 1. 1667 1. ) 708 1750 1. 1792 1. 1833 1. 1875

0.7683 0.7694 0.7705 0.1716 0.7727 0. 7738 0. 7749 0. 7760
0.6401 0.6388 0.6374 0.6361 0.6347 0. 6334 0.6320 0. 6307
1.2002 1. 2045 1.2038 1.2131 1. 217 4 1. 2218 1. 2261 1. 2305

0.7793 0.7804 0.7815 J.7826 0.7837 0.7848 0.7859 0. 7869
0. 6266 0.6252 0.6239 0.6325 0.6211 O. 6198 0. 6184. O. 6170
1. 24 37 1.2 482 1. 2527 1. 2572 1. 2617 1. 2662 1. 2708 1. 2753

0. 7902 O. 7912 0. 792 3 O. 7934 0. 7944 0.7955 0. 796 5 0. 7976
0.6129 0.6115 0.6101 0.6088 0. 607 4 0. 6060 0, 6046 0. 6032
1. 2892 1. 2936 1. 2985. 1. 3032 1. 3079 1. 3127 1. 3175 1. 3222

0.807 0.8018 0.8028 0.3039 0.8049 0. 8059 0. 8070 0. 80901
0. 5990 0. 5976 0. 5962 0. 5948 0. 5934 O. 5920 0. 5906 0. 58921
1.337 1. 3.116 1. 3465 1. 3514 1. 356 4 1. 3613 1. 366 3 1. 3713

O. 8111 O. 8121 0. 81 31 0. $141 O. 8151 0. 8161 O. 8171 O. 8131
0.5850 0.5835 0.5821 0. 5807 0. 5793 0.5779 0.5704 O. 57 50
1.3865 1.3116 1.3168 1.4019 L 4071 1. 4124 1. 4176 1. 4229

O. 8211 0. 8221 O. 8231 O. 8241 0. 3251 0. 8261 0 82'71 0.8187
0.570; 0.56'73 0.5678 0.5664 0.5050 0. 5635 O. 5,..11 5o0.
1. 41S8 1. 4442 1. 4 190 1. 4550 1. 1505 1.4659 1. 4715 1. 47701

0. o. 34, 0. 40 0. S0 0. 6° o. Q.B. 0. 00



Appendix Fourteen

deL
func -
tion 0. 0° 0. 10 0. 20 O. 3° O. 4° O. 5° 0. 6° 0. 7° 0. 8° 0.9°

sin 0, 8290 O. 8300 O. 831 0 O. 8320 0. 8329 O. 8339 O. 8348 O. 8358 O. 8368 O. 8377
cos 0. 5592 0.5577 0. 556 3 0.5548 0.5534 0. 5 519 0.5505 0. 5490 0.5470 0. 5461
tan 1. 4826 1, 4882 1. 4938 1. 4994 1. 5051 1. 5108 1. 5166 /. 5224 1. 5282 1. 5340

sin 0. 8387 0. 8 396 0.8406 0.8415 0.8425 0.8434 0.8443 0.8453 0.8462 0.8471
57 CO. O. 5446 0. 5432 0. 5417 0.1 402 O. 5388 0. 537 3 O. 5358 O. 5344 0. 5329 0.

tan 1. 5399 1. 5458 1. 5517 1. 507 1 5637 1. 5697 1. 5757 1. 5818 1. 5380 1. 5941

sin 0. 8480 0.8490 0.8499 0. 8508 0.8517 0.8526 0.8535 0. 8 545 0. 8554 0. 856 3
58 CO. 0.5299 O. 5284 O. 5270 0 5255 O. 5240 0.5225 0. 5210 0. 5195 O. 5180 O. 5165

tan I. 6003 1. 6066 1. 6128 1. 6191 1 6255 1. 6 319 1.6 383 1. 6447 1. 6512 I. 6577

sin 0.8572 0.8581 0.8590 0.8599 0.8607 0.8616 0.8625 0. 86 34 0.8643 0.8652
59 CO s 0.5150 0.513: 0.5120 0. 5105 0.5090 0.5075 0. 5060 0.5045 0. 5030 0 501 5

tan 1. 6643 1. 6709 1. 6775 1. 6842 1. 6909 1. 6977 1. 7045 1. 7113 1. 7182 1. 7251

San 0.8660 0 8669 0. 3676 0.8686 0.8695 0. 8704 0.8712 0.8721 0.8729 0. 8738
cos O. 5000 to. 4985 O. 4970 O. 4955 0. 49 39 0. 4924 0. 4909 O. 4894 0. 4879 0. 486 3
tan 1. 7321 1. 7391 1. 7461 1. 7532 1. 7603 1. 7675 1. 7747 1. 7820 1. 789 3 1. 7966

sin 0. 8746 0. 8755 0. 8763 0. 8771 0. 8780 0. 8788 0. 8796 0. 880? 0. 881 3 0. 8821
61 cos 0.4848 0.4833 0.4818 0. 4802 0.4787 0. 4772 0. 4756 0.4741 0.47/6 0.4710

tan 1. 8040 1. 8115 1. 8190 1. 8265 1. 8 341 1. 8418 1. 8495 1. 8572 1. 865 0 1. 8728

sin 0.8829 0.3838 0.8846 0.8854 0.8862 0.8870 0. 8878 0. 8886 0.8894 0. 8902
cos 0.4695 0. 4679 0.4664 0. 4648 0.4633 O. 4P .7 0. 4602 0.4586 0.4571 0. 4555
tan 1. 8807 1.887 1. 8967 1. 9047 1. 9128 1. 4210 1. 9292 1 9375 1. 9458 1. 959 2

sin 0. 891 0 0. 8918 0.8926 0.8934 0.8942 0.8949 0. 8957 0.8965 0. 8973 0.8930
cos 0. 4540 0. 4524 O. 4509 0. 4493 0. 4478 0. 4462 0. 4446 O. 4431 0. 4415 O. 4399
tan 1.9626 1.9711 1.9797 1.9883 1.9970 2.0057 2. 01 45 2.0233 2. 032 3 2. 041 3

sin 0.8988 0.8006 0.9003 0.9011 0.9018 0.9026 0.9033 0.4041 0.9048 0.9056
cos 0.4364 0 4363 0.4352 0.4337 0. 4 321 0. 4 305 0.4289 0.4274 0.4/58 0.424:
tan 2.0503 2. t$594 2. 0686 2. 0778 2. 0872 2. 0965 2. 1060 2. 1155 2. 1251 2. 1348

sin 0. 906 3 0.9070 0.9078 0.9085 0.9092 0.4100 0.9107 0.9114 0.9121 0.9128
cos C 4226 0. 421 0 0.4195 0.4179 0.4163 0.4147 0.4131 0.4115 0.4099 0. 408 3
tap 2. 1445 2 154 3 2. 1642 2. 1742 2. 1842 2.1943 /.2045 2.2148 2..'2'21 2.2355

sin 0.9135 0.9143 0.9150 0.9157 0.9164 0.9171 0.4178 0.9184 0.9191 0.9198
66 cos 0.4067 0.4051 0.4035 0.4019 0.4003 0 3987 0.3971 0. 3955 0 3939 0. U2 3

tan 2. 2460 Z, 2566 2. 2673 2..2781 Z. 2889 2. 2998 2. 3109 2. 3220 2. 3332 2. 344 5

Ain 0.9205 0.9212 0.4219 0.9225 0.9232 0.9239 0.9245 0.9252 0 9259 0 9265
cos 0. 3 °07 O. 3891 0. 3875 0.3859 0 3441 0 3827 0. 3811 0, 3745 0 3778 0 3762
tan 2. 3559 2. 367 3 2. 3789 2. 3906 2. 4023 2.4142 2. 1262 2.4363 2.4504 Z. 4627

sin O. 9272 0. 9278 O. 9285 4 9291 O. 9298 O. 9 304 O. 9 111 O. 9317 O. 932 3 0. 9330
cos 0.3:46 0. 3730 0.3714 O. 3697 O. 3681 0. 3665 0. 36'4'.' 0 3633 0. 3616 0 3600
tan 2. 4751 Z. 4876 2. 5002 2. 5129 2. 5257 2 5386 2. 5517 2 5649 2. 5762 2 5916

sin O. 9336 0.0342 O. 9348 0 :354 0 9361 9 367 0. 9 373 0 9 170 O. 9385 0 9391
69 cos 0. 3584 O. 3!67 0. 355; 0. 5,35 0 3518 0. 3502 O. 3486 0 1469 i 3453 0. 3437

tar: 2 6051 2. 6187 Z. 6325 2. 040.4 6605 2 6746 2. 0864 : 'C 14 2. 71 79 t 7326
func-
tion 0 0° O. 1° O. 2° 0. 3* 0 4" 0. 5° 0. 0. "6 0 8" 0 9°

.



Appendix Fourteen

leg
font-
non 0. 0° 0. 1° C. 2° 0. 3° 0. 4° 0. 5° 0. 6° 0. 7° 0. 8° 0. 9°

sin 0. 9397 0. '403 0. 9409 0. 9415 0. 9421 O. 9426 0. 9 432 0. 9438 0. 9444 0. 9449
70 cos 0. 3420 0. 404 0. 3387 0. 3371 0. 3355 0. 3338 0.3322, 0. 3305 0. 3289 0. 3272

tan' 2.7475 2. 7625 2.7776 2.7929 2.8083 2.8239 2. 8397 2. 8556 2.8716 2. 8878

sin 0.9455 0.9461 -0.9466 0.9472 0.9478 0.9483 0. 9 489 0.9494 0.9500 0.9305
71 co!! 0. 3256 0. 3239 0. 322 3 0. 3206 O. 3190 0. 3173 0. 3156 0. 3140 0. 3123 0. 3107

tan 2.9042 2.9208 2.9375 2.9544 2.9714 2.9887 3.0061 3.0237 3.0415 3. 059 5

sin O. 9511 0, 9516 O. 9521 0. 9527 O. 9532 0.9537 O. 9542 O. 9548 0. 9553 0. 9558
72 cos 0. 3090 0. 3074 0. 3057 P. 3040 0. 3024 0. 3007 0. 2990 0. 2974 0. 2957 0. 2940

tan 3.0777 3.0961 3. 1146 3. 1334 3.1524 3. 1716 3. 1910 3,2106 3.2305 3.2506

sin 0:9563 0.9568 0.9573 0.9578 0.9583 0.9588 0.9593 0.9598 0.9603 0.9608
73 co.) 0.2924 0.2907 2.2890 0. 287 4 0.2857 0.2840 0.2823 0.2807 0.2790 0.2773

tan 3. 2709 3. 2914 3. 3122 3. 3332 3. 3544 3. 3759 3. 3977 3.4197 3. 4420 3.464b

sin 0.9613 0.9617 0.9622 0.9627 0. 96 32 0.9636 0.9641 0.9646 0.9650 0.9655
4 cos 0. 2756 0. 274 0. 2723 0. 2706 0.2609 0. 2672 0. 2656 0. 2639 0. 2622 0. 2605

tan 3. 4874 3. 510 3. 5339 3. 5576 3. 5816 3.6059 3. 6305 3.6554 3. 6806 3. 7062

sun 0.9659 0. 966 4 0.9668 0.9673 0.9677 0.9681 0.9686 0.9690 0.9694 0.9699
75 cos 0.2588 0.2571 0.2554 0.2538 0.2521 0.2504 0.2487 0.2470 0.2453 0.2436

tan 3.7321 3.7583 3.7848 3.8118 3.8391 3.8667 3.8947 3.9232 3.9520 3.9812

sin 0.9703 0.9707 0.9711 0.9715 .0.9720 0.9724 0.9728, 0.9732 0.9736 0.9740
76 cos 0. 2419 0. 2402 0. 2385 0. 2368 0. 2351 0. 2334 0. 2317 0. 2300 0. 2284 0. 2267

tan 4.0108 4.0408 4.0713 4.1022 4.1335 4.1653 4.1976 4.2303 4.2635 4.2972

sin 0.9744 0.9748 0.9751 0.9755 0.9759 0.9763 0.9767 0.9770 0.9774 0.9778
77 cos O. 2250 O. 2232 0. 2215 O. 2198 O. 2181 O. 2164 O. 2147 O. 2130 O. 2113 0. 20961

tan 4. 3315 4. 3662 4. 40)5 4; 4374 4. 4757 4. 5107 4. 5483 4. 5864 4. b252 4. 66'461

sin 0.9781 ir9785 0.9789 0.9792 0.9796 0.9799 0.9803 0.9806 0.9810 0. 981 3
78 cos 0. 2079 0. 2062 0.2045 0.2028 0.2011 0. 1994 0. 1977 0. 1959 0. 1942 0. 1925

tan 4 7046 4.7453 4.7867 4.8288 4.8716 4.9152 4.9594 5.0045 5.0504 5.0970`

sin 0.9816 0.9820 0.9823 0. 9826 k1/49429 0.9833 0.9836 0.9839 0.9842 0.9845
'79 cos 0..1908 0. 1891 0. 18 /4 0. 1857 O. 40 0. 1822 0.1805 0. 1788 0. 1771 0. 1754

tan 5. 1446 5. 1929 5. 2422 i. 2924 5. 3435 5. 395 5 5. 4486 5. 5026 5. 5578 5. 6140

sin 0.9848 0.9851 0.9854 0.9857 0.9860 0.9863 0.9866 0.9869 0.9871 0.9874
80 cos 0. 1736 0. 1719 0. 1702 0. 1685 0. 1668 0. 1650 0 1633 0. 1616 0. 1599 0.1582

tan 5. 671 3 5. 7297 5. 7E4 5. 8502 5. 9124 5. 9758 6. 0405 6. 1066 6. 1742 6. 2432

13 1

sin
cos

0.9877
0. 1564

0.9880
1. 1547

0.9882
40. 1530

0. 988 5
0. 1513

0.9888
0. 1495

0.9890
0. 1478

0.9893
O. 1461

0.9895
0. 1444

0.9898
O. 1426

0.9900
0. 1409

tan 6 31 38 6. 3859 6.4596 6.5350 6.6122 6.6912 6.7720 6.8548 6.93 °5 7.0264

sin 0.9903 0.9905 0.9907 0.9910 0.991? 0.9914 0.9917 0.9919 0.9921 0. 9923
482 cos 0. 1392 0. 1374 0 1357 0. 1340 0. 132 3 0. 1305 0. 1288 0. 1271 0. 1253 0. 1216

tan 7.1154 7.2066 7.3002 7.3962 7.4947 7.5953 7.6996 7.8062 7.9158 8.0283

sin 0. 9925 0. 9928 0. 9930 0 9932 0. 9934 0.9036 0. 9938 0.9940 0. 9942 0 9943
83 cos 0.1219 0.1201 0. 11 8 4 0.1167 0.1 149 G.1132 0.1 115 0.1097 0 1080 0. 104'.3

tan 8. 1443 8. 2636 8. 38( 3 8. g.126 8 6427 S. 7769 8. 9152 9. 0579 9 207-2 9 5572,
(+inc.

dvg ;ion , 0. 0° 0. 1° 0. 2* 0.1° C 4° 0 5* 0 6° 0. 70 0. s- 0 of.



Appendix Fourteen

e

func
ttun 0 0° 0.1° 0. 2° 0 3° 0. 4° 0. 5° 0. 6° 0.70 0.8° 0. 9°

sin 0. 9945 0. 9947 0. 9949 0. 9951 0. 9952 0. r.'954 0. 9956 0. 9957 0. 99 59 0. 9960
84 cos 0.1045 0.1028 0.1011 0.0993 0.0976 0.0958 0.0941 0.0924 0.0906 0.0889

tan 9.5144 9.6768 9.8448 10.02 10.20 1 O. 39 10.58 10.78 10.99 11.20

sin 0.9962 0.9963 0. 996 5 C.9966 0.9968 0.9969 0.9971 0.9972 1.1 9973 0.9974
85 cos 0.0872 0.0854 0.0837 0.0819 0.0802 0.0785 0.0767 0.0750 0. 07 32 0.0715

tan I. 43 11. 66 11.91 14. 16 12. 43 14. 71 .13. 00 13. 30 1 3. 62 1 3. 95

sin 0. 9976 0.9977 0. 9978 0. 9979 0. 9980 0. 9981 0. 9982 0. 9983 0.9984 0. ;983
86 cos 0.0698 0.0680 0. 06e) 3 0. 06 45 0.0628 0.0610 0.0593 0.0576 0.0558 0.0541

tan 4.30 14.6? 15.06 15.46 15.89 16. 3 5 16.83 17 34 17.89 18.46

sin 0. 9986 0.9987 0. 9988 0. 99 89 0. 9990 0.9990 0. 9991 0. 9994 0.9 99 3 0.9993
87 cos 0. 0523 0. 0506 0.0485 0.0471 0. 0454 0. 0436 0. 0419 0. 0401 0. 0384 0. 0366

tan 9.08 19.74 20.45 21.20 22.02 22. 9 0 23.86 24.90 26. V3 27.27

sin 0.9994 0.9995 0.9995 0.9996 0.9996 0.9997 0.9997 0.9997 0.9°98 0.9998
88 cos 0.0349 0.0332 0.0314 0.0297 0.0279 0.0262 0.0244 0.0227 0.0209 0.0192

!tan 8.64 30.14 31. 82 33.69 35. SO 38. 19 40.92 44. 07 47.74 52.08
i .

!sin 0.9995 0.9999 0.9999 0.9999 0.9999 1.000 1.000 1.000 1.000 1.000
: 9 cos 0. 0175 O. 01 57 0. 0140 0. 0122 0. 0105 0. 0087 0. 0070 O. 054 O. 0035 O. 0017

tan '7.29 63.66 71.62_ 81.85 95.49 114.6 143.2 1'11 0 286.5 573.0

!fun9.6 tiou 0. 0° 0. 10 0. 2° 0. 3° 0. 4° 0. 50 0. 60 O. 7° 0. 8° 0. 90


